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REMARKS 

In the action, the examiner rejected claims 17-18 and 58-62 under 35 USC §112, first 
paragraph, as assertedly lacking written description; and rejected claims 17-19, 21 and 58-62 
under 35 U.S.C. §103(a) as obvious in view of Pardridge {Nature Rev. Drug Disc. 1 :13 1-39, 
2002, hereinafter "Pardridge"), in view of Fillebeen, {J Biol Chem, 274:701 1-17, 1999, 
hereinafter "Fillebeen"), Neels et al. (J Biol Chem 274:3 1 305-3 11,1 999, hereinafter "Neels") 
and Saenko, WO00/71714, (hereinafter "Saenko"). Reconsideration is requested in view of the 
amendments and arguments herein. 

I. Support for the Amendment to the Claims 

Support for the new claims 63 and 64 is found throughout the application. For 
example, page 8, lines 2-6, discloses that a RAP polypeptide for use in the method is 
contemplated to be at least 85% or at least 90% identical to the native RAP sequence or a 
fragment thereof. 

II. The rejection of claims 17-18 and 58-62 under 35 U.S.C. §112, first paragraph, as 
lacking written description should be withdrawn 

The Examiner rejected claims 17-18 and 58-62 as allegedly lacking written 
description on the basis that the disclosure does not adequately support the scope of the 
fragments recited in the claims, i.e, RAP polypeptides at least 80% identical to residues 221-323 
of SEQ ID NO: 1. The Examiner asserts that the claims are not described because Applicant has 
not shown actual reduction to practice variants at lest 80% identical to residues 221-323 of SEQ 
ID NO: 1. Applicants respectfully disagree. 

A written description rejection of method claims is not appropriate where a primary 
argument with respect to patentability is the process step. Applicants are not claiming to have 
been the first to discover RAP; rather, Applicants are claiming a novel method of using a specific 
portion of RAP that has unexpected properties. The present case is thus analogous to Example 
16 of the Written Description Guidelines published March 25, 2008, which concludes that there 
is written description of a broad process claim where novelty resides in the process step. 

Nevertheless, written description is satisfied even if the conjugates are considered per 
se without reference to the method. The test for determining compliance with the written 
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description requirement is whether the disclosure of the application as originally filed reasonably 
conveys to the artisan that the inventor has possession at the time of the later claimed subject 
matter. See Chiron v Genentech . 363 F3d 1247 (Fed Cir 2004) and In re Alton . 76 F.3d 1 168, 
1 172 (Fed. Cir. 1996). Additionally, written description for each of the new claims must be 
considered separately. The Examiner himself states that written description may be 
demonstrated by actual reduction to practice, description of complete of partial structure and 
identifying characteristics (page 3 of the Action). Applicants submit that the application 
describes a compete or partial structure of the polypeptide recited in the claims and discloses 
identifying characteristics, thereby demonstrating to one of ordinary skill that the inventor was in 
possession of the invention. 

The Examiner cites Example 1 1 of the Written Description Guidelines published 
March 25, 2008, (hereinafter "the Guidelines") (Submitted herewith as Exhibit A), as evidence 
of the alleged lack of written description of the claims in the specification. Example 1 1 relates to 
claims for a polynucleotide encoding a polypeptide having a recited percent identity to a known 
polypeptide sequence, further wherein the polypeptide has a recited activity. Example 1 1 A 
discusses a claim for a polynucleotide encoding a polypeptide having 85% identity to a 
polypeptide and having a recited activity. The polypeptide in Example 11A has no known 
sequence identity to any other polypeptide or polypeptide family. The Guidelines state that one 
of ordinary skill can readily obtain sequences that are 85% identical to the known sequence due 
to the high level of skill in the art, but states that because there is no known correlation between 
the structure of the polypeptide sequence and its function there is no written description for a 
polypeptide having 85% identity to the identified polypeptide and having a recited activity. The 
Examiner asserts that the present situation is analogous to Example 1 1 A and therefore the claim 
lacks written description in the specification. 

Applicants submit that the claims are akin to Example 1 IB in the Guidelines. 
Example 1 IB relates to a polynucleotide encoding a polypeptide at least 85% identical to a 
known polypeptide sequence and having a recited activity. In this Example, the specification 
does not disclose which of the nucleic acid (or amino acid) residues that encode a polypeptide 
having 85% identity to the known sequence can be changed and the polypeptide still retain the 
stated activity Y. The specification in the Example identifies two domains of the polypeptide 
responsible for activity Y, i.e., a binding domain and a catalytic domain. In the Example, the 
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specification states that it is expected that a polypeptide having a conservative substitution 
should retain the stated activity, but the Example goes on to note that "all conservative 
substitutions in these domains will not necessarily result in a protein having activity Y, but one 
of ordinary skill in the art would expect that many of these conservative substitution s would 
result in a protein having the required activity." Based on this analysis, the Guidelines consider 
that there is an adequate structure- function correlation since particular domains of the 
polypeptide are disclosed in the specification, and those of ordinary skill would conclude that the 
applicant would have been in possession of the claimed genus of polynucleotides and 
polypeptides. Thus, the claims directed to a polynucleotide encoding a polypeptide having at 
least 85% identity to a known sequence and retaining a recited activity is adequately described. 

Similar to Example 1 IB of the Guidelines, the claims are directed to a method of 
using a polypeptide having a recited % identity to a known polypeptide sequence and having a 
domain with a particular function. It so happens that in the present case, the polypeptide recited 
in claims 17-19 is the activity domain and not part of a larger polypeptide as exemplified in 
Example 1 IB, i.e., the polypeptide recited in the claim (a polypeptide sequence at least 80% 
identical to acids 221-323 of RAP) is equivalent to the binding domain as described in Example 
1 IB. The fact that the polypeptide in the claims is the functional domain and not a larger 
polypeptide having a functional domain should not, however, alter the treatment of a 
"polypeptide" with a known activity discussed in Example 1 IB. 

The Examiner, however, appears to be requiring Applicants to describe more than 
what is recited in the Written Description Guidelines by necessitating knowledge of the amino 
acid sequence of subdomains or residues of activity within the already identified functional 
domain. Example 1 IB states that because the polypeptide activity and knowledge of the 
structure of the catalytic and binding domains are correlated, one of ordinary skill could 
determine if a variant of the catalytic and/or binding domain in Example 1 IB could maintain 
polypeptide activity. The Applicants in Example 1 1 of the Guidelines were not required to 
determine which residues within the catalytic or binding domain are actually responsible for 
catalytic activity, it was sufficient to know that the domains were responsible for the activity and 
have available methods to determine if a variant maintained the required activity. Similarly, in 
the present case, the d3 domain of RAP is associated with receptor binding function, thereby 
establishing the required structure-function correlation, as evidence by the art (see below), and 
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therefore one of ordinary skill can readily determine if variants of this domain maintain activity, 
such as receptor binding. The polypeptide in the claims is a variant of the d3 domain and 
Applicants have adequately described the full structure of the RAP polypeptide and one of 
ordinary skill can readily determine the structure of the variants based on the high level of skill 
in the art. Applicants should not be required by the Examiner to further divide and define the 
domain with known function into subdomains with more discrete function when the Guidelines 
make no requirement to this effect. 

As noted above, the structural features of the fragments recited in the claims, i.e., the 
102 amino acid sequence of residues 221-323 of RAP, are known, the function that correlates to 
this sequence is known, and therefore a polypeptide having a particular percent identity to the 
sequence are known and effectively disclosed in the specification. The Guidelines state that it is 
well within the ability of one of ordinary skill to take the amino acid sequence of SEQ ID NO: 1 
and envisage the chemical structure of any polypeptide having a recited percent identity, e.g., 
80%, to the polypeptide. Methods for manipulating the genetic code are well-known in the art 
and described in the specification (see page 50, line 1, to page 52, line 27). Thus, based on the 
description in the specification and knowledge in the art, it is clear that one of ordinary skill is in 
possession of the chemical structure of a polypeptide 80% identical to residues 221-323 of SEQ 
ID NO: 1 and would understand that the inventors were in possession of said polypeptides at the 
time of filing. 

Additionally, the art provides guidance to one of ordinary skill as to the general 
secondary structure of RAP d3. For example, Melman et al. (J Biol Chem 276:29338-346, 2001, 
cited at page 39, line 8) teaches that certain residues within the 221-323 fragment (e.g., residues 
282-289 and 31 1-319 of RAP) contribute to binding of RAP to LRP and heparin(see Melman, 
Figure 8 and page 29344). Additionally, Rail et al. (J Biol Chem 273:24152-57, 1998, cited at 
page 39, line 4) teaches that residues 223-323 of RAP are highly protease resistant, exhibit a 
coiled structure, are similar in structure and activity to regions of the ApoJ protein (page 24156) 
an LRP2 ligand, and that residues 301-323 are likely a heparin binding domain (page 24157). 

The LRP2-binding functional characteristics of the d3 fragment have been described 
previously [see Declaration of Zankel submitted Feb. 28, 2007 which teaches that the d3 region 
(residues 201-319) confers binding to LRP2]. It is standard in the art to make fragments and 
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variants of a peptide to determine the minimum protein fragment size that will retain protein 
function (see, e.g., Melman et al. supra), and methods to determine receptor binding of a 
fragment of RAP are well-known in the art and described in the specification (see Example 2, 
page 86, and Melman, supra) and to determine the ability of the RAP fragment to traverse the 
BBB (see Example 3, pages 87-88). Thus, using techniques well-known in the art and described 
in the specification, a person of ordinary skill could readily obtain the chemical structure of a 
RAP polypeptide at least 80% identical to residues 221-323 that binds LRP2 and is transcytosed 
across the BBB into the central nervous system. Therefore, the structure-function correlation 
between the RAP and the binding activity was disclosed in the specification and art (see Melman 
and Rail et al.), as were many other binding domain characteristics of the RAP protein. 
Although not all amino acid substitutions or deletions in the recited region of SEQ ID NO: 1 may 
result in a protein having LRP2 binding activity, as noted by the Examiner, this does not 
preclude patentability (see Example 11B of the Guidelines), since those of ordinary skill in the 
art would readily be able to determine where substitutions could be made in the RAP fragment 
based on the structural knowledge of the protein and can readily determine the substitutions that 
result in a protein having the required LRP2 binding activity. For example, one of ordinary skill 
in the art would first start with conservative substitutions of the natural amino acids. 

As evidenced above, the polypeptides described herein are described in greater detail 
than those in Example 1 IB in the Written Description Guidelines, in that the full structure of 
residues 221-323 of RAP and methods to make variants of the polypeptide are disclosed, that 
RAP polypeptides are not the only known proteins in its class as in Example 1 IB of the 
Guidelines, and there is considerable description of the binding regions and secondary structure 
of the RAP protein available in the specification and in the art, i.e., considerable identifying 
characteristics. The specification teaches methods for determining if the RAP fragment binds to 
a particular receptor (see, e.g., Example 10, pages 96 - 97 and pages 103-104) and is transported 
across the blood brain barrier (BBB) (see Examples 3 and 1 1 of the specification), and also 
describes recombinant methods for making RAP fragments or variants (see page 80, line 26, to 
page 82, line 31). 

As stated above, the standard for fulfilling the written description requirement is 
whether one of ordinary skill would understand that the inventor was in possession of the 
invention at the time of filing. Applicants have provided adequate structural and functional 
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identifying characteristics of the recited RAP fragments coupled with a disclosed correlation 
between structure and function of the fragments, such that one of ordinary skill would recognize 
Applicants were in possession of the invention. Thus, a person of the ordinary skill would 
understand that the inventors could were in possession of the claimed genus of chimeric RAP 
polypeptides consisting of a RAP polypeptide at least 80% identical to residues 221-323 of SEQ 
ID NO: 1, which binds LRP2, at the time of filing the application. 

For the reasons above, the rejection of the claims under 35 U.S.C. §112, first 
paragraph, should be withdrawn. 

III. The rejection of claims 17-19, 21 and 58-62 under 35 U.S.C. §103(a) should be 
withdrawn 

The Examiner rejected the pending claims under 35 USC § 103(a) asserting that it 
would have been obvious to combine the disclosures of Pardridge, Fillebeen, Neels and Saenko 
to arrive at the present invention. The Examiner asserts that because the art {e.g., Neels, 
Fillebeen, Saenko) teaches that the LRP molecule binds to and endocvtoses several of its ligands, 
and may transcytose the ligand lactoferrin, LRP necessarily transcytoses fragments of the ligand 
RAP across the blood brain barrier (BBB). Without providing further evidence or scientific 
reasoning explaining how the teachings of the art can be extrapolated to support these assertions, 
the Examiner maintained the position that the art renders obvious administration of fragments of 
RAP conjugated to a diagnostic or therapeutic agent in order to increase transport of the agents 
across the BBB. 

Applicants respectfully disagree. For the reasons discussed previously and below, the 
factual assumptions on which the obviousness rejection is based are not supported by the 
evidence cited. Upon a challenge of such factual assumptions, the Examiner is obliged to 
provide supporting evidence. See Ex parte Natale , 11 U.S.P.Q.2d 1222, 1226-27 (Bd. Pat. App. 
& Interf. 1 989). Moreover, there are multiple unexplained gaps in the scientific reasoning 
supporting the rejection. The Examiner has not explained why one of ordinary skill in the art 
would choose RAP for transcytosis of an agent across the BBB, when RAP is an intracellular 
ligand that has been characterized as an antagonist of LRP and that is not specific for membrane- 
bound LRP, since it binds strongly to all of the receptors in the LRP family, and binds soluble 
LRP circulating in blood (Quinn et al., J Biol. Chem. 272:23946-951, 1997) (Exhibit B). None 
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of the cited art shows or even suggests that RAP is transcytosed across the BBB. One cannot 
extrapolate data obtained using one ligand to predict the behavior of another unrelated antagonist 
ligand (e.g., from lactoferrin to RAP), or from one activity (internalization and degradation 
within a cell) to another activity (transport across the BBB without internalization and 
degradation), or from one receptor to another receptor (e.g., from LRP to LRP2). 

The pending claims are directed methods of treating individuals comprising 
administration of a conjugate comprising a polypeptide consisting of a RAP portion having an 
amino acid sequence at least 80% identical to amino acids 221-323 of SEQ ID NO: 1, and which 
binds to megalin (LRP2) . 

Pardridge discloses that receptor mediated transport pathways may be useful to 
transport therapeutics (e.g., BDNF) across the BBB using chimeric peptides that bind to a BBB 
receptor. Pardridge does not address LRP2 or RAP. In particular, Pardridge does not disclose or 
suggest that RAP is transcytosed across the BBB, does not teach that RAP might be transcytosed 
by LRP2, or that RAP may be used in a chimeric protein to mediate transport of a therapeutic 
agent. The Examiner acknowledges at page 5 that "Pardridge does not teach conjugates 
comprising RAP fragments, as recited in independent claims. . 

Fillebeen demonstrates that lactoferrin (Lf) is transcytosed across the BBB but does 
not disclose or suggest that RAP, an entirely different and unrelated protein, is transcytosed 
across the BBB. Fillebeen suggests that LRP1 "might" be involved in this process (see Abstract) 
and later assumes that the receptor mediating 70% of Lf transcytosis is LRP since RAP blocks 
70% of Lf transcytosis. Fillebeen's speculation, however, is inconsistent with other reports, e.g., 
Faucheux et aL, Proc. Nat'l. Acad. Sci. (USA) 92:9603-9607 (1995) (submitted previously), that 
lactoferrin receptor (a different receptor than LRP) transports lactoferrin and iron across the 
BBB. Thus, Fillebeen's assumption regarding LRP and Lf transcytosis is premature based on the 
evidence in the art. 

Fillebeen does not suggest that the observation with lactoferrin would be 
extrapolatable to RAP. Even if one assumes, arguendo, that LRP is the receptor responsible for 
transport of lactoferrin across the BBB, the Examiner is mistaken in concluding that one of 
ordinary skill in the art would predict that other LRP ligands would be transported across the 
BBB. Fillebeen states that LRP binds to and is responsible for internalization of many ligands, 
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including chylomicrons, Lf, alpha2-macroglobulin, Pseudomonas exotoxin, proteinases and 
proteinase-inhibitor complexes. The Examiner's factual assumption at page 6 of the Action that 
"[LRP] transports [any or all] molecules across the BBB" is not supported by the cited evidence. 
There would not be a reasonable expectation that any and all of these diverse LRP ligands would 
be transported across the BBB, and the cited art has not shown any differently. 

The data with respect to lactoferrin is not extrapolatable to RAP because RAP is an 
antagonist of LRP and binds to LRP in a manner unlike any other LRP ligand. See, e.g., the 
Neels abstract, which states that "RAP binding to LRP induces a conformational change in the 
receptor that is incompatible with ligand binding." See also Vash et al. (Blood 92:3277-85, 
1998) (submitted previously) noting that RAP appears to cause a conformational change in the 
LRP protein preventing it from binding other ligands, thereby, rendering RAP the universal 
antagonist (see Vash, page 3277, 1 st col.). 

For these reasons, Fillebeen does not teach or suggest to one of ordinary skill in the 
art that RAP, or fragments or analogs of RAP, would be transcytosed across the BBB. In 
addition, Fillebeen neither discloses nor suggests that LRP transports RAP across the BBB, nor 
that LRP2 transports RAP across the BBB. Thus, Fillebeen does not disclose or suggest methods 
of delivering agents across the BBB involving a RAP fragment polypeptide at least 80% 
homologous to amino acids 221-323 of SEQ ID NO: 1 that retains LRP2 binding and is 
transported across the BBB. The Examiner acknowledges at page 5 of the Action that Fillebeen 
"does not explicitly teach administration of conjugates comprising RAP for increasing transport 
across the BBB and does not teach conjugates comprising RAP fragments. . 

Neels discloses that LRP binds a diverse array of ligand types, including 
apolipoproteins, lipases, proteinases, proteinase-inhibitor complexes, and RAP. Neels provides 
no data on transport across the BBB. Neels neither discloses nor suggests that any or all of the 
diverse ligands of LRP, in particular RAP or fragments thereof, can be transcytosed across the 
BBB. Further, Neels does not disclose or suggest the specific RAP fragment polypeptides 
recited in the claims which retain binding to LRP2. The Examiner acknowledges at pages 5-6 
that "Neels does not teach administration of conjugates comprising RAP for increasing transport 
across the BBB and does not teach conjugates comprising RAP fragments . . ." 
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Saenko teaches use of a RAP polypeptide to inhibit Factor VIII uptake by the LRP 
(LRP1) receptor, which is a different receptor from LRP2 recited in the pending claims. Saenko 
teaches that residues 203-319 of RAP bind LRP, but the Examiner admits that Saenko does not 
teach administration of conjugates comprising this fragment to subjects (page 6 of Action). 
Furthermore, Saenko does not disclose that RAP is endocytosed or transcytosed by the LRP1 
receptor, or that RAP or fragments of RAP would be transported across the BBB, or that RAP 
binds to LRP2, and does not teach that the particular fragment of RAP disclosed in Saenko binds 
to LRP2. 

To establish a prima facie case of obviousness, the Examiner must show that all the 
elements of the claim are taught or suggested in the prior art (MPEP 2143.03 and Federal 
Register Examination Guidelines for Determining Obviousness, Section IILA.l, Fed Reg., Vol 
72, No. 195, 2007), and if prior art elements are described in the art, the combination of elements 
must yield predictable results to render a claimed invention obvious. Further, it should be 
demonstrated that the prior art reference(s) provide a teaching, suggestion or motivation to 
combine the references, and/or there is a reasonable expectation of success (MPEP 2142 and 
Federal Register Examination Guidelines for Determining Obviousness, Section III.G, Fed Reg., 
Vol 72, No. 195, 2007). The court in KSR v Teleflex (127 S.Ct. 1727 (2007)) further stated to 
support the mere conclusory statements are not sufficient to draw a conclusion of obviousness, 
but that there must be some articulated reasoning with some rational underpinning to support a 
legal conclusion of obviousness. See Fed Reg., Vol 72, No. 195, Pages 57529 and KSR v 
Teleflex . 127 S.Ct. 1727. 

For reasons stated previously, Pardridge, Fillebeen, Neels and Saenko are improperly 
combined because they each deal with different receptors than that recited in the claims, and 
transport of ligands other than RAP as recited in the claims. These ligands and receptors are not 
shown in any of the cited references to be equivalent or interchangeable. 

Even if combined, the references do not disclose or suggest that RAP would be 
transported across the BBB, or that domain 3 of RAP, without domains 1 and 2, would be 
transported across the BBB. The Examiner acknowledges that none of the references teach 
administration of conjugates comprising the RAP fragment recited in the claims to increase 
transport across the BBB, and does not appear to dispute that the cited art fails to disclose that 
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LRP2 (megalin) mediates transport across the BBB. Thus, the references fail to disclose (1) 
delivery of any portion of RAP across the blood brain barrier (BBB), as claimed, and (2) use of 
domain 3 of RAP as claimed, without domains 1 and 2, for such delivery. 

The Supreme Court in KSR stated that: "A court must ask whether the improvement 
is more than the predictable use of prior-art elements according to their established functions." 
In this case, the use of RAP, and particularly domain 3 fragments thereof, for transport of agents 
across the BBB is neither an established function nor a predictable use of such fragment 
polypeptides. The Examiner acknowledges that there is no data in the cited art showing transport 
of RAP or any fragments of RAP across the BBB. Fillebeen is the only cited art that addresses 
transcytosis. One of ordinary skill in the art would not conclude from the data in Fillebeen (in 
which RAP inhibited lactoferrin transcytosis by an unknown receptor), that LRP1 was 
responsible for transporting lactoferrin in view of the known fact that RAP binds multiple 
receptors besides LRP1, and the fact that LRP is expressed on the wrong side of the BBB (See 
Marzolo et al., Traffic 4:273-88, 2003, submitted in the response of April 21, 2008). For reasons 
explained below, even if Fillebeen does teach that lactoferrin crosses the BBB, one of ordinary 
skill in the art would not reasonably predict that an LRP antagonist like RAP, which is primarily 
found intracellularly, would cross the BBB. Saenko is the only cited art that teaches that amino 
acids 203-3 19 of RAP bind LRP, but provides no basis for predicting that any fragment of RAP 
would be transported across the BBB. 

a. RAP is primarily intracellular and was considered an antagonist to LRP ligands 
such as lactoferrin 

RAP was considered a ligand of LRP in the sense that it bound to LRP, but was 
generally held in the art to be an antagonist to all ligands that bind LRP, and was more referred 
to as an antagonist of LRP than a ligand, per se (see e.g., Vash et al. and Herz et al., submitted in 
the response of April 21, 2008). The Examiner's observation that RAP appears to bind to the 
same area of LRP receptor as some other LRP ligands does not detract from the statements in the 
art that RAP binds in a different manner that antagonizes and prevents binding of LRP to its 
other ligands. The Examiner has presented no evidence showing that RAP and lactoferrin are 
equivalent in their mode of binding and in their action upon the LRP receptor; indeed, it would 
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be impossible for RAP to mimic the ultimate biological activity of all of the various ligands of 
the various receptors in the LRP receptor family. 

RAP has been shown to be expressed in the endoplasmic reticulum and act as a 
chaperone to the newly translated LRP and prevents LRP degradation. Significant levels of RAP 
are not detected extracellularly where typical ligands are located (Obermoeller et al., J Biol 
Chem 272:10761-68, 1997) (Exhibit C). Even assuming arguendo that LRP was known to 
transport lactoferrin across the LRP, a person of ordinary skill would not have expected RAP to 
be transcytosed by LRP as it was not seen as an activator of LRP function, it was not equivalent 
to lactoferrin, and it served no other function but to chaperone LRP intracellularly. Therefore, 
based on RAP's intracellular function in the cell, and its non-equivalence to lactoferrin, one of 
ordinary skill would not predict that RAP would be transcytosed and transported across the BBB. 

Both Vash (page 3277, 1 st col.) and Neels (Abstract) state that RAP binds LRP1 and 
causes a conformational change thereby preventing other ligands from binding LRP, and 
therefore it is a powerful antagonist. Neels further states that it is unclear how RAP antagonizes 
LRP ligand binding, since few ligands interfere with RAP/LRP binding (page 31306, col. 1), 
implying that RAP acts much differently than other LRP ligands. Additionally, Obermoeller et 
al. (supra) shows that the d3 region binds LRP differently than the dl and d2 regions of RAP. 
Again, based on the clear difference in binding of RAP to the LRP receptor compared to other 
LRP ligands, and the structural differences between LRP and LRP2, one of ordinary skill would 
not have extrapolated from any suggestion that LRP transports lactoferrin across the BBB to 
reasonably predict that RAP (a non-equivalent antagonist ligand), and particularly RAP domain 
3 fragment polypeptides as claimed, would be transported cross the BBB. 

b. Other evidence conflicts with any suggestion that LRP transports ligands across 

the BBB 

Fillebeen is the only cited art that addresses transcytosis. The Examiner is incorrect 
in discounting Applicants' evidence contradicting the assertion in Fillebeen that LRP transported 
lactoferrin across the BBB into the CNS. Applicants previously provided evidence that LRP1 is 
expressed on the wrong side of the cell membrane for transport. The Examiner asserts that the 
MDCK cells used in the Marzolo reference cited by applicants are NOT applicable to the BBB 
(see paragraph bridging pages 9-10 of the Action). On the contrary, Pan et al. (J Cell Sci. 117- 
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5071-78, 2003) (Exhibit D) teaches that "MDCK cells polarize and form tight junctions when 
cultured in Transwell inserts and have been used as an in vitro model of the BBB for drug 
screening (Irvine et aL, 1999; Vilhart et al., 1999. . page 5077, col. 1)." Therefore, the 
teaching in Marzolo et al. {supra) that the LRP1 and LRP2 receptors are expressed on different 
sides of the polarized endothelial cell membranes irrelevant to function and transport of proteins 
by the receptors and cannot be dismissed by the Examiner as irrelevant.. As such, since LRPl is 
expressed basolaterally in polarized cells such as brain endothelium (i.e., on the brain side of the 
membrane), one of ordinary skill in the art would question whether LRP is capable of 
transporting any ligand from the blood, across the BBB, into the brain. In contrast, LRP2 is 
apically expressed in polarized brain endothelium (i.e., on the blood side of the membrane). 

Applicants provide herewith further evidence conflicting with Fillebeen's assertion. 
The disclosure of Shibata et al. (J Clin Invest. 106:1489-99, 2000) (Exhibit E), supports the 
opposite conclusion by an in vivo demonstration that amyloid-beta (Af3) is transported out of the 
CNS by LRPl (see abstract and page 1495, col. 2), and LRPl is therefore expressed on the 
basolateral side of the cell membrane. Shibata also notes that anti-LRP2 antibodies did not affect 
AP clearance (page 1494, col. 1) even though LRP2 has been shown to bind A(3, confirming 
Applicant's position that not all proteins that bind LRPl and LRP2 are transported equivalently. 
Thus, as stated previously, to effectively modulate blood to brain transport as required by the 
claims, receptor expression must be on the apical side of the membrane to bind ligand in the 
blood and transport it into the brain. Based on the basolateral expression pattern of LRPl (See 
Marzolo and Shibata), one of ordinary skill in the art would not reasonably predict that LRP 
transports ligands from blood to brain across the BBB. Additionally, Quinn et al. {supra) have 
demonstrated that a soluble form of LRP exists in human plasma. This soluble form inhibits 
normal LRP ligand uptake and protein degradation. Thus, an additional form of LRP exists in 
vivo that is not able to transport ligand across the BBB. 

As noted earlier, Applicants have also provided evidence that the assumption by 
Fillebeen that LRP is the primary transporter of Lf may be incorrect (see Faucheux et al., Proc. 
Nat'l. Acad. Sci. (USA) 92:9603-9607, 1995), which teaches lactoferrin receptor, a different 
receptor from LRPl, transports lactoferrin and iron across the BBB. 
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Application No.: 10/812,849 Docket No.: 31075/40037 

Examiner: D. Kolker Art Unit 1649 

Response to action of 8/14/08 

Where the teachings of two or more prior art references conflict, the examiner must 
weigh the power of each reference to suggest solutions to one of ordinary skill in the art, 
considering the degree to which one reference might accurately discredit another. In re Young, 
927 F.2d 588 (Fed. Cir. 1991). See also MPEP 2143.01. Applicants have provided a plethora of 
evidence contradicting Fillebeen's assertion that LRP is responsible for transporting lactoferrin 
across the BBB into the brain. Applicants have provided citations from art-recognized, peer 
reviewed journals using in vitro and in vivo models of the BBB that demonstrate LRP is 
expressed on the wrong side of the BBB membrane to effect transcytosis of molecules into the 
brain, whereas the LRP2 protein is expressed on the correct side of the BBB thereby effectively 
mediating transport from the blood to the brain (see Shibata, Marzolo and Pan). Applicants have 
provided a peer-reviewed article stating that another receptor, lactoferrin receptor, is responsible 
for transport of lactoferrin. Thus, when all of the evidence is considered, the art neither teaches 
nor reasonably suggests that RAP, much less a RAP domain 3 fragment polypeptide as claimed, 
would be transported across the BBB via transcytosis. As such, one would not have been 
motivated to use conjugates comprising the RAP fragment to deliver therapeutic agents into the 
CNS as claimed. 

Moreover, in view of the conflicting evidence, it is incumbent on the Examiner to 
provide evidence supporting the assumption that domain 3 RAP fragment polypeptides would be 
transcytosed across the BBB. 

c. Endocytosis is not the same as transcytosis 

The Examiner unreasonably extrapolates, based on the statement in Neels that LRP 
binds and internalizes a number of ligands, that LRP must necessarily transcytose all of its 
ligands. No evidence was provided to support this factual assumption. 

The Examiner agrees that "the experiments reported by Neels are on point to binding 
and DO NOT mention internalization" and then makes the assumption, without factual evidence 
to support the theory that, "given that Neels teaches that the receptor was well-known to bind 
and internalize a very diverse set of ligands, an artisan of ordinary skill would, upon reading the 
reference, clearly understand that those ligands that bind are internalized," (page 5 of the Action, 
emphasis added). Applicants question the basis for the Examiner's "clear" assumption that one 
of ordinary skill would "clearly understand" that all ligands that bind LRP are internalized, and 
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the relationship of internalization to transcytosis as opposed to endocytosis of a ligand. 
Endocytosis (into a cell) is a different activity from transcytosis (transport across cell barrier), 
and the Examiner has failed to present any evidence showing that the two activities are 
equivalent. 

Thus, the art neither teaches nor reasonably suggests that RAP, much less a RAP 
domain 3 fragment polypeptide as claimed, would be transported across the BBB via 
transcytosis. As such, one would not have been motivated to use conjugates comprising the 
RAP fragment to deliver therapeutic agents into the CNS as claimed. 

d. Obviousness cannot be predicated on what is not known at the time an invention 

is made 

The Examiner concludes that the receptor-binding property (LRP2) recited in the 
claims is inherently presumed to be provided for (page 8 of the Action), despite acknowledging 
that "the Examiner cannot determine whether residues 203-319 taught by Saenko will bind to 
LRP2 as claimed." The Examiner refers to domain 3 of RAP as "inherently" binding LRP2 
simply because it binds LRP, despite evidence that the LRP2 binding property of domain 3 was 
not known prior to the filing date. For reasons stated previously, in light of the differences in the 
ligand binding domains of the LRP and LRP2 receptors, one of ordinary skill could not have 
predicted that RAP d3 binding to LRP2 necessarily followed from any suggestion that RAP d3 
binds LRP. "Obviousness cannot be predicated on what is not known at the time an invention is 
made, even if the inherency of the certain feature is later established." (MPEP 2141.02 citing In 
re Riickaert 9 F.2d 1531, 28 USPQ2d 1955 (Fed. Cir. 1993). 

Contrary to the Examiner's assertion, Applicants have provided evidence of non- 
obviousness necessary to rebut the assertion of inherency (see page 8 of the Action). The 
evidence presented above demonstrates that one of ordinary skill in the art would not be 
motivated by the cited art to make a chimeric RAP protein having the recited RAP polypeptide 
conjugated to a therapeutic agent for delivery of the therapeutic compound to the CNS. 

For the reasons stated above, the Examiner has not established a prima facie case of 
obviousness with respect to the present claims because (1) not all elements are disclosed by the 
cited art, even when combined, and as such, the claimed invention was unpredictable until the 
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present disclosure, and (2) the cited art does not provide a reasonable expectation of success or 
motivation to carry out the claimed method. Therefore, the present invention is not obvious in 
light of the disclosures of Pardridge, Fillebeen, Neels and Saenko and the rejection under 35 
U.S.C § 103(a) should be withdrawn. 

IV. Conclusion 

Applicants submit that the application is in condition for allowance and respectfully 
request notification of the same. 



Dated: January 14, 2009 Respectfully submitted, 

By /Katherine L. Neville / 
Katherine L. Neville 

Registration No.: 53,379 
MARSHALL, GERSTEIN & BORUN LLP 
233 S. Wacker Drive, Suite 6300 
Sears Tower 

Chicago, Illinois 60606-6357 
(312) 474-6300 
Attorneys for Applicant 
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EXHIBIT A 



11 A: Art-Recognized Structure-Function Correlation Not Present 
Specification: 

The specification discloses a polynucleotide having the nucleic acid sequence of 
SEQ ID NO: 1 , which encodes the polypeptide of SEQ ID NO: 2. The polypeptide of SEQ ID NO: 2 
has the novel activity X, and does not share significant sequence identity with any known poly- 
peptide or polypeptide family. The specification does not disclose any nucleic acid sequences 
that encode a polypeptide with novel activity X other than SEQ ID NO: 1 . 
Claims: 

Claim 1. An isolated nucleic acid that encodes a polypeptide with at least 85% amino 
acid sequence identity to SEQ ID NO: 2. 

Claim 2: An isolated nucleic acid that encodes a polypeptide with at least 85% amino 
acid sequence identity to SEQ ID NO: 2; wherein the polypeptide has activity X. 

Analysis: 

Claim 1 

Claim 1 encompasses nucleic acids that encode the polypeptide of SEQ ID NO: 2, as well 
as those that encode any polypeptide having 85% structural identity to SEQ ID NO: 2. However,, 
the specification discloses only a single species that encodes SEQ ID NO: 2; i.e., SEQ ID NO: 1. 
There are no other drawings or structural formulas disclosed that encode either SEQ ID NO: 2 or 
a sequence with 85% identity to SEQ ID NO: 2. 

The recitation of a polypeptide with at least 85% identity represents a partial struc- 
ture, that is, at least 85% percent of the amino acids in the polypeptide will match those 
in SEQ ID NO: 2, and up to 1 5% of them may vary from those in SEQ ID NO: 2. However, 
there is no teaching regarding which 1 5% of the amino acids may vary from SEQ ID NO: 
2. Consequently, there is also no information given about which nucleotides will vary from 
SEQ ID NO: 1 in the claimed genus of nucleic acids. 

There is no functional limitation on the nucleic acids of claim 1 other than that they 
encode the polypeptide of SEQ ID NO: 2 or any polypeptide having 85% structural identity to 
SEQ ID NO: 2. The genetic code and its redundancies were known in the art before the applica- 
tion was filed. 

The disclosure of SEQ ID NO: 2 combined with the pre-existing knowledge in the art 
regarding the genetic code and its redundancies would have put one in possession of the ge- 
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nus of nucleic acids that encode SEQ ID NO: 2. With the aid of a computer, one of skill in the 
art could have identified all of the nucleic acids that encode a polypeptide with at least 85% 
sequence identity with SEQ ID NO: 2. Thus, one of ordinary skill in the art would conclude that 
the applicant was in possession of the claimed genus at the time the application was filed. 
Conclusion: 

The specification satisfies the written description requirement of 3 5 U.S.C. 1 1 2, 
first paragraph, with respect to the scope of claim 1 . 

Claim 2 

Claim 2 encompasses nucleic acids that encode the polypeptide of SEQ ID NO: 2, and 
nucleic acids that encode a polypeptide having 85% sequence identity to SEQ ID NO: 2 and have 
activity X. The specification discloses the reduction to practice of only a si gle species that en- 
codes SEQ ID NO: 2 and has activity X; i.e., SEQ ID NO: 1 . There are no other drawings or struc- 
tural formulas disclosed of a nucleic acid that encodes either SEQ ID NO: 2 or a polypeptide hav- 
ing 85% sequence identity to SEQ ID NO: 2 and activity X. 

The claim includes a genus that can be analyzed at several levels sequentially for the 
purpose of focusing the issue. 

First, the disclosure of SEQ ID NO: 2 combined with pre-existing knowledge in the art 
regarding the genetic code and its redundancies would have put one in possession of the ge- 
nus of nucleic acids that encode SEQ ID NO: 2. With the aid of a computer, one of skill in the 
art could identify all of the nucleic acid sequences that encode a polypeptide with at least 85% 
sequence identity with SEQ ID NO: 2. However, there is no teaching regarding which 1 5% of 
the amino acids can vary from SEQ ID NO: 2 and still result in a protein that retains activity X. 
Further, there is no disclosed or art-recognized correlation between any structure other than 
SEQ ID NO: 2 and novel activity X. 

An important consideration is that structure is not necessarily a reliable indicator of 
function. In this example, there is no disclosure relating similarity of structure to conservation 
of function. General knowledge in the art included the knowledge that some amino acid varia- 



gal Note 



For information on amino acid substitution exchange groups and empirical similarities hetiveen amino acid 
residues, see a standard text such as Schulz et al, PRINCIPLES OF PROTEIN STRUCTURE, pp. 14-16, 
Springer-Verlag (New York 1979). TJiere is a limit to how much substitution can be tolerated before the 
original tertiary structure is lost. Generally, tertiary structure conservation would be lost when the amino 
acid sequence varies by more than 50%. See, e.g., Cyrus Chothia and Arthur M. Lesk, "Hie relation hetiveen 
the divergence of sequence and structure in proteins/' 5 THE EMBO JOURNAL 823-26 (1986). 
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tions are tolerated without losing a protein's tertiary structure. The results of amino acid sub- 
stitutions have been studied so extensively that amino acids are grouped in so-called "exchange 
groups" of similar properties because substituting within the exchange group is expected to 
conserve the overall structure. For example, the expectation from replacing leucine with iso- 
leucine would be that the protein would likely retain its tertiary structure. On the other hand, 
when non-exchange group members are substituted, e.g., proline for tryptophan, the expecta- 
tion would be that the substitution would not likely conserve the protein's tertiary structure. 
Given what is known in the art about the likely outcome of substitutions on structure, those in 
the art would have likely expected the applicant to have been in possession of a genus of pro- 
teins having a tertiary structure similar to SEQ ID NO: 2 although the claim is not so limited. 

However, conservation of structure is not necessarily a surrogate for conservation of 
function. In this case, there is no disclosed correlation between structure and function. The 
need for correlating information can vary. More specifically, those of skill in the art might re- 
quire more or less correlating information depending on the kind of protein activity. If activity 
X is simply structural, e.g., a member of the collagen class, correlating information might not 
be a critical factor. However, if activity X is enzymatic, and there is no disclosure of the active 
site amino acid residues responsible for the catalytic activity, lack of that kind of correlating in- 
formation may be a problem. Similarly, if activity X is as a ligand, and there is no disclosure of 
the domain(s) responsible for the ligand activity, the absence of information may be persuasive 
that those of skill in the art would not take the disclosure as generic. 

Summarizing, there are no known or disclosed proteins having activity X other than 
SEQ ID NO: 2. As of the filing date, there was no known or disclosed correlation between a 
structure other than SEQ ID NO: 2 and activity X. While general knowledge in the art may have 
allowed one of skill in the art to identify other proteins expected to have the same or similar 
tertiary structure, in this example there is no general knowledge in the art about activity X to 
suggest that general similarity of structure confers the activity. Accordingly, one of skill in the 
art would not accept the disclosure of SEQ ID NO: 2 as representative of other proteins having 
activity X. 

Conclusion: 

The specification, taken with the pre-existing knowledge in the art of amino acid 
substitution and the genetic code, fails to satisfy the written description requirement 
of 35 U.S.C. 1 12, first paragraph, with respect to the scope of claim 2. 

11B; Art-Recognized Structure-Function Correlation Present 

The specification discloses a polynucleotide having the nucleic acid sequence of 
SEQ ID NO: 1 , which encodes the polypeptide of SEQ ID NO: 2. The polypeptide of SEQ ID NO: 2 
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has a novel activity Y, and does not share significant sequence identity with any known polypep- 
tide or polypeptide family. The specification does not disclose any nucleic acid sequences that 
encode a polypeptide with novel activity Y other than SEQ ID NO: 1 . However, the specification 
discloses data from deletion studies that identify two domains as critical to activity Y, i.e., a 
binding domain and a catalytic domain. The specification proposes that conservative mutations 
in these domains (e.g., one basic amino acid substituted for another basic amino acid) will still 
result in a protein having activity Y, whereas most non-conservative mutations in these domains 
will not result in a polypeptide having the recited activity. The specification also proposes that 
most mutations, conservative or non-conservative, outside the two domains will not affect activ- 
ity Y to any great extent. 
Claims: 

Claim 1 . An isolated nucleic acid that encodes a polypeptide with at least 85% 
amino acid sequence identity to SEQ ID NO: 2. 

Claim 2. An isolated nucleic acid that encodes a polypeptide with at least 85% 
amino acid sequence identity to SEQ ID NO: 2; wherein the polypeptide has activity 
Y. 

Analysis: 
Claim 1 

(This analysis proceeds the same as the analysis for claim 1 in Example 1 1 A (Art- 
Recognized Structure-Function Correlation Not Present) 

Claim 1 encompasses a vast genus of nucleic acids that encode the polypeptide of 
SEQ ID NO: 2, as well as those that encode any polypeptide having 85% structural identity to 
SEQ ID NO: 2. 

The specification, however, discloses the reduction to practice of only a single species 
that encodes SEQ ID NO: 2, i.e., SEQ ID NO: 1 . There are no other drawings or structural formu- 
las disclosed that encode either SEQ ID NO: 2, or a sequence with 85% identity to SEQ ID NO: 2. 

Although the recitation of a polypeptide with at least 85% identity represents a partial 
structure - in that 85% percent of the polypeptide is known, while 1 5% of the structure may 
vary - there is no teaching regarding which 1 5% of the amino acids will vary from SEQ ID NO: 2. 
Consequently, there is also no information about which nucleotides will vary from SEQ ID NO: 1 
in the claimed genus of nucleic acids. 

There are no functional characteristics disclosed for the nucleic acids of claim 1 other 
than they encode the polypeptide of SEQ ID NO: 2 or any polypeptide having 85% structural 
identity to SEQ ID NO: 2. Further, the specification fails to disclose a method of making nucleic 
acids encoding polypeptides having 85% identity to SEQ ID NO: 2. 
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Nonetheless, the disclosure of SEQ ID NO: 2 combined with the knowledge in the art 
regarding the genetic code would put one in possession of the genus of nucleic acids that en- 
code SEQ ID NO: 2. Further, with the aid of a computer, one could list all of the nucleic acid 
sequences that encode a polypeptide with at least 85% sequence identity with SEQ ID NO: 2. 
Additionally, the level of skill and knowledge in the art is such that one of ordinary skill would 
be able to use conventional sequencing and nucleic acid synthesis techniques to routinely gen- 
erate and identify nucleic acids that encode the polypeptide of SEQ ID NO: 2, as well as those 
that encode any polypeptide having 85% structural identity to SEQ ID NO: 2. Thus, one of ordi- 
nary skill in the art conclude that the applicant would have been in possession of the claimed 
genus at the time of filing. 
Conclusion: 

The specification satisfies the written description requirement of 3 5 U.S.C. 1 1 2, 
first paragraph, with respect to the scope of claim 1. 

Claim 2 

Claim 2 encompasses a genus of nucleic acids that encode the polypeptide of 
SEQ ID NO: 2 and those that encode any polypeptide having 85% structural identity to 
SEQ ID NO: 2, wherein the polypeptide additionally has activity Y. 

The specification, however, discloses the reduction to practice of only a single species 
that encodes SEQ ID NO: 2 and has activity Y, i.e., SEQ ID NO: 1 . There are no other drawings or 
structural formulas disclosed of a nucleic acid that encodes either (i) SEQ ID NO: 2 or (ii) a poly- 
peptide with 85% sequence identity to SEQ ID NO: 2 wherein the polypeptide also has activity Y. 

The disclosure of SEQ ID NO: 2 combined with the knowledge in the art regarding 
the genetic code would have put one in possession of the genus of nucleic acids that encode 
SEQ ID NO: 2. Further, with the aid of a computer, one could list all of the nucleic acid sequenc- 
es that encode a polypeptide with at least 85% sequence 
identity to SEQ ID NO: 2. However, the specification fails 
to teach which of the nucleic acid sequences that encode 
a polypeptide with at least 85% sequence identity to 
SEQ ID NO: 2 encode a polypeptide having the required 
activity Y. 

Nonetheless, the specification identifies two do- 
mains responsible for activity Y, i.e., a binding domain 
and catalytic domain. The specification also predicts 
1 that conservative mutations in these domains will result 
in a protein having activity Y. Although all conservative 
amino acid substitutions in these domains will not nec- 




Tliis example deals only with the writ- 
ten description analysis of the claimed 
nucleic acids. Enablement issues that 
may be raised by tlie recited facts are 
not addressed here, but should be 
considered during examination. A 
separate rejection for nonenablement 
should be made wlien appropriate. 
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Our studies have identified a soluble molecule in nor- 
mal human plasma and serum with the characteristics 
of the a-chain of the low density lipoprotein receptor- 
related protein (LRP). LRP is a large multifunctional 
receptor mediating the clearance of diverse ligands, in- 
cluding selected lipoproteins, various protease inhibi- 
tor complexes, and th rombospondin. A soluble molecule 
(sLRP) has been isolated from plasma using an affinity 
matrix coupled with methylamine-activated ^-macro- 
globulin, the ligand uniquely recognized by LRP, and 
eluted with EDTA This eluate contains a protein that 
co-migrates on SDS-polyacrylamide gel electrophoresis 
with authentic human placental LRP a-chain, is recog- 
nized by anti-LRP a-chain monoclonal antibodies, and 
binds the 39-kDa receptor-associated protein (RAP) and 
tissue plasminogen activator-inhibitor complexes. A 
similar RAP-binding molecule was detected in medium 
conditioned for 24 h by primary cultures of rat hepato- 
cytes, suggesting that the liver may be the in vivo source 
of sLRP. In contrast, immunoprecipitation experiments 
failed to detect the production of sLRP by cultured 
HepG2 hepatoma and primary human fibroblast cells. 
Addition of a soluble form of LRP to cultured HepG2 
cells resulted in a significant inhibition of capacity of 
these cells to degrade tPA, a process that has been dem- 
onstrated to be mediated by cell surface LRP. Prelimi- 
nary data indicate that the concentration of sLRP is 
altered in the plasma of patients with liver disease. In- 
creased levels of sLRP may antagonize the clearance of 
ligands by cell bound LRP perturbing diverse processes 
including lipid metabolism, cell migration and extracel- 
lular proteinase activity. 



The low density lipoprotein receptor-related protein (LRP) 1 
has been previously identified as a membrane-bound endocytic 



* This work was supported by a grant from the National Health and 
Medical Research Council of Australia. The costs of publication of this 
article were defrayed in part by the payment of page charges. This 
article must therefore be hereby marked "advertisement* in accordance 
with 18 U.S.C, Section 1734 solely to indicate this fact. 

II To whom correspondence should be addressed: Center for Thrombo- 
sis and Vascular Research, School of Pathology, Wallace Wurth Bldg., 
University of New South Wales, Kensington 2052, Australia. Fax 
61-2-9385-1389. 

1 The abbreviations used are: LRP, low density lipoprotein receptor 
related protein; sLRP, soluble LRP-like molecule; BSA, bovine serum 
albumin; mAb, monoclonal antibody; RAP, receptor-associated protein; 
PAGE, polyacrylamide gel electrophoresis; PAI-1, plasminogen activa- 
tor inhibitor- 1; tPA, tissue plasminogen activator; ABTS, 2,2'-azino~ 
bis(3-ethylbenzthiazoline-6-sulfonic acid; « 2 M, or 2 -macroglobulin; Mes, 
4-morpholineethanesulfonic acid; EMEM, Earle's modified Eagle's me- 
dium; HFF, human foreskin fibroblasts; FBS, fetal bovine serum; 
NIDDM, non-insulin-dependent diabetes mellitus. 



receptor (1, 2). Studies have demonstrated that LRP mediates 
the internalization of multiple, structurally unrelated ligands, 
including selected lipoproteins, proteinase-inhibitor complexes, 
plasminogen activators, and thrombospondin (reviewed in 
Refs. 3 and 4). The binding of all ligands to LRP is inhibited by 
the receptor-associated protein (RAP), a protein that was co- 
purified with LRP (2, 5). The range of ligands recognized by 
LRP suggests that it plays a role in diverse processes including 
lipid metabolism, cell growth, migration, and tissue invasion. 
LRP expression is widespread; however, it is most highly ex- 
pressed in the liver, brain, and placenta. The remarkable de- 
gree of cross-species identity conserved in the LRP amino acid 
sequence (3) and the embryonic lethal phenotype obtained after 
targeted disruption of the LRP gene in the mouse (6) under- 
score the biological importance of this molecule. 

Here we report the identification of a soluble form of LRP 
circulating in human plasma. The characterization of this mol- 
ecule, which maintains the ligand binding characteristics of 
cell surface LRP, introduces a new dimension to the biology of 
LRP. Accumulation of soluble LRP in plasma may antagonize 
the clearance of ligands by cell-bound LRP, perturbing lipid 
metabolism and cellular processes involving extracellular pro- 
teinase activity. 

MATERIALS AND METHODS 
Proteins and Reagents — AH chemicals were of analytical grade and 
purchased from BDH (Kilsyth, Australia). Bovine serum albumin 
(BSA), benzamidine, phenylmethylsulfonyl fluoride, bacitracin, leupep- 
tin, 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS) and 
HEPES were purchased from Sigma. Electrophoresis reagents were 
purchased from Bio-Rad. Proteins were iodinated with carrier free 
Na 125 I (Australian Radioisotopes, Lucas Heights, Australia) and iodo- 
gen reagent (Pierce), according to the manufacturer's instructions. Pro- 
tein concentrations were determined using the BCA protein assay 
(Pierce). Recombinant RAP was synthesized as a glutathione S-trans- 
ferase fusion protein in Escherichia coli and purified as described pre- 
viously (5). The RAP-GST/pGex plasmid was a generous gift from 
Joachim Herz, University of Texas Southwestern Medical Center, Dal- 
las, TX. of 2 -Macrog!obulin (or 2 M) was purified from human plasma by 
Zn 2 '-chelate chromatography and gel filtration, as described previously 
(7). It was activated by the addition of 0.2 M methylamine, 30 min, room 
temperature, dialyzed into 20 m.M Mes, pH 6.0, and stored at 4 °C. 
Purified recombinant human tissue plasminogen activator (tPA) was 
donated by Karl Thomae GmbH (Biberach, Germany). Recombinant 
plasminogen activator inhibitor- 1 (PAI-1) was expressed in E. coli 
transformed with a plasmid (pMBLll/PAI-1) containing full-length 
PAI-1 cDNA (Ref. 8, a generous gift of A. Zonneveld, University of 
Amsterdam) and purified as described previously (9), with additional 
purification by size exclusion chromatography on Bio-Gel P-60 (Bio- 
Rad). The anti-LRP a-chain monoclonal antibody (mAb 8G1) and affin- 
ity-purified rabbit anti-LRP (R777) were kind gifts of Dr. Dudley Strick- 
land, American Red Cross, Rockville MD (2). A commercial anti-LRP 
a-chain mAb (number 3402) was also purchased (American Diagnos- 
tica, Greenwich, CT). A hybridoma secreting an anti-LRP 0-chain 
COOH-terminal peptide mAb (11H4; ATCC CRL-1936) was obtained 
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Fig. 1. Affinity isolation of sLRP 
from plasma. An affinity column of acti- 
vated e* 2 M -Sepharose (280 mg of acti- 
vated « 2 M coupled to 25 ml of gel) was 
used to affinity-purify LRP from 200 ml of 
human plasma. A, human plasma con- 
tains immunoreactivity detected in an 
LRP immunoassay (•), which was re- 
moved by incubation with the activated 
er 2 M-Seph arose (O). B t the immunoreac- 
tivity was recovered by eluting (1-ml frac- 
tions collected) the affinity matrix with 25 
raM EDTA, 20 rain Mes, pH 6.0. Fractions 
eluting between 21 and 25 ml were pooled 
and analyzed. 
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from the American Type Culture Collection (Rockville, MD). Antibodies 
were purified from culture supernatant using protein G-Sepharose 
(Pharmacia Biotech Inc., Uppsala, Sweden), according to the manufac- 
turer's instructions. All cell culture reagents were purchased from ICN 
(Costa Mesa, CA) and culture-ware was from Costar (Cambridge, MA). 

LRP Immunoassay — Microliter plates (Maxisorp, Nunc, Denmark) 
were coated with 1 ugfaell rRAP (100 ul) diluted in carbonate buffer, 
pH 9.6 (2 h, 37 °C). After blocking in assay buffer (HBSC (20 mM 
HEPES, 0.15 m NaCl, 2 mM Ca 2 ^, pH 7.4) containing 0.1% Tween 80, 
1% BSA), 30 min, 37 °C, a 100-/J.1 sample (diluted in assay buffer) was 
added to the well and incubated 2 h at room temperature. After wash- 
ing, the plates were incubated with 100 ^lAvell anti-LRP mAb (8G1, 5 
/ig/ml) in assay buffer, 1 h at room temperature. After washing, 100 fxl 
of 1/1000 dilution rabbit anti-mouse Ig-horseradish peroxidase conju- 
gate (Dako, Carpenteria, CA) was added (30 min, room temperature), 
and bound antibody was qu an tit a ted with 200 /d/well chromogenic sub- 
strate (1 mg/ml ABTS, 0.003%, v/v, H 2 Q 2 diluted in citrate buffer, pH 4.5). 
Color development was stopped after 20 min by addition of 50 ul/well 3% 
oxalic acid, and the optical density at 405 nm (A 405 ) was deterinined. 

Affinity Isolation of LRP — An affinity matrix was prepared by cou- 
pling 280 mg of methylamine-activated a 2 M to 25 ml of CNBr-Sepha- 
rose (Pharmacia Biotech Inc.), according to the manufacturer's instruc- 
tions. Fresh frozen human plasma (200 ml) containing a mixture of 
protease inhibitors (1 mM phenylraethylsulfonyl fluoride, 2 mM benza- 
midine, 2 mM bacitracin, 1 fxU leupeptin) was thawed at 37 °C. The 
plasma was adjusted to pH 7.4 by addition of Via volume 0.1 M HEPES, 
pH 7.4, 10 IU/ml heparin, 5 mM Ca 2 ", clarified by centrifugation (4 °C, 
20 OOGjg, 30 min), and filtered through a 0.4- }xm nitrocellulose filter 
(Millipore- Waters, Milford, MA). The plasma was mixed with blank 
Sepharose gel for 1 h at 4 *C. The precleared plasma supernatant was 
then mixed with methylamine activated a 2 M-Sepharose for 6 h at 4 °C. 
The affinity matrix was washed on a scintered glass funnel with 250 ml 
of HBSC, packed into a column and eluted with 25 mM EDTA, 20 mM 
Mes, pH 6.0. Protease inhibitors (as above) were added to each fraction 
(1 ml). LRP was also isolated from detergent-solubilized human placen- 
tal membranes, prepared as described previously (10), using the acti- 
vated o? 2 M-Sepharose affinity matrix. The fractions were screened by 
specific LRP immunoassay and pooled positive fractions were stored at 
-20 °C. The material eluted from the activated a 2 M affinity matrix was 
fractionated by electrophoresis on 5-15% gradient SDS-polyacrylamide 
gels (SDS-PAGE) and analyzed by silver staining (11). 

Western and Ligand Blots — Prior to Western and ligand blot analysis 
samples were electrophoresed on 6% SDS-PAGE minigels for 2 h at 150 
V. The gels were electroblotted onto polyvinylidene difluoride mem- 
brane (NEN Life Science Products) and incubated, according to the 
manufacturer's instructions, with 5 /xg/ml mAb and 1/2000 dilution 
rabbit anti-mouse immunoglobulin-horseradish peroxidase conjugate 
(Dako). Bound antibody was visualized with chemiluminescence rea- 
gent (Renaissance, NEN Life Science Products) and exposed to film 
(Hyperfilm-MP, Amersham Corp.). For ligand blotting, blots were 
blocked in 5% milk, HBSC, 0.1% Tween 20 and incubated (4 h at room 
temperature) in either 4 nM l25 I- ligand (RAP or tPA), washed, and 
exposed to film (24 h, -80 "C, intensifying screen). Blots were incu- 
bated in i25 I-tPA in the presence of 100 nM PAI-1, resulting in the 
complete conversion of 15W I-tPA to an SDS-stable tPAPAI-1 complex 
(data not shown). The specificity of binding was indicated by the ab- 
sence of l25 I-ligand binding in the presence of 1 uM unlabeled RAP or 
tPA. 



Cell Culture — All cell lines were cultured under standard conditions 
at 37 °C, 5% C0 2 in a humidified incubator. Hepatocytes were isolated 
from 230-270 g of anesthetized male Wistar rats by in situ two-stage 
collagenase perfusion of the liver, as described elsewhere (12). The liver 
was excised and dispersed in modified Waymouth medium containing 
sodium bicarbonate (24 mM), penicillin (100 units/ml), HEPES (18 mM), 
and insulin (25 milliunits/ml). Viability was determined by trypan blue 
exclusion, and only preparations with greater than 80% viable hepato- 
cytes were used. Cells (3.0 x 10 6 in a final volume of 3 ml of Williams' 
medium E, supplemented as above) were overlaid onto 60-mm culture 
plates (Medos Company, Sydney, Australia) coated with 400 u\ of ma- 
trigel prepared as described previously (13). The culture medium was 
replaced after a 3-h attachment period and at 24-h intervals thereafter. 
HepG2 cells (ATCC HB8065, provided by M. Gallicchio, Monash Uni- 
versity, Melbourne, Australia) were maintained in Earle's modified 
Eagle's medium (EMEM) supplemented with 10% fetal bovine serum 
(FBS). Human foreskin fibroblasts (HFF) were kindly provided by Dr. 
Gabrielle Delbridge (Center for Thrombosis and Vascular Research, 
University of New South Wales) and maintained in Dulbecco's modified 
Eagle's medium supplemented with 10% FBS. For experiments, cell 
monolayers were trypsinized, with HepG2 cells plated at 2 x 10 4 
cells/ml and HFF plated at 5 X 10 3 cells/ml. The cells were fed on day 
3 and used for experiments on day 4 of culture when they were approx- 
imately 80% confluent. 

Analysis of Primary Rat Hepatocyte Cultures — On day 7 of culture, 
cells and medium were harvested from rat hepatocyte cultures. Prote- 
ase inhibitors were added to conditioned medium after it was centri- 
fuged 4000 x g t 10 min. The cells, on ice, were lysed in 2 mi of 0.25% 
Triton X-100, HBSC + protease inhibitors (as above) and clarified by 
centrifugation 4000 X g for 10 min at 4 °C. The conditioned medium (8 
ml) and the whole cell lysate (4 ml) were diluted 1/5 in 20 mM Mes, pH 
6.0, and mixed with 1 ml of DEAE-Sephacel (Pharmacia Biotech Inc.) 
equilibrated in 20 mM Mes, pH 6.0. After washing with 20 mM Mes, pH 
6.0, the gel was eluted with 0.5-ml aliquots of 20 mM Mes, pH 6.0, 0.5 M 
NaCl. The eluted fractions (25 jutl/lane) were electrophoresed on 6% 
SDS-PAGE gels, electroblotted onto polyvinylidene difluoride mem- 
brane, and incubated with l2S I-RAP, as described above. 

Immunoprecipitation — HepG2 cells and HFF were plated in 60-mm 
Petri dishes in 10 ml of culture medium. When the cells were 80% 
confluent, the monolayers were washed twice with phosphate-buffered 
saline and incubated in 4 ml of cysteine/methionine-free EMEM, 10% 
FBS for 20 min at 37 °C. The cultures were then pulsed by incubation, 
1 h, in the presence of 66 uCi/ml [ 35 Sj methionine/cysteine (Tran 35 S- 
label, ICN Biomedical). Long term labeling was conducted overnight in 
the presence of 20% cysteine/methionine complete EMEM. The chase 
period (0, 30, 60, 180, or 240 min) was initiated by the addition of 4 ml 
of EMEM, 10% FBS containing 0.2 mM unlabeled cysteine/methionine. 
Medium was collected and centrifuged 1200 x g for 5 min. Cell mono- 
layers were washed twice with phosphate- buffered saline and lysed in 
the dish by the addition of 4 ml of 1% Triton, HBSC + protease 
inhibitors (as above) and clarified by centrifugation 4000 x g for 10 min 
at 4 °C. Samples were mixed with 25 ul of protein G-Sepharose (1:1 
slurry, 30 min, 4 °C) and then incubated (4 °C, 2 h) in the presence or 
absence of 5 of anti-LRP a-chain mAb. After incubation with 25 ul of 
protein G-Sepharose (1:1 slurry, 30 min, 4 °C), the Sepharose was 
washed five times in 20 mM HEPES, 0.5 M NaCl, 0.1% Triton X-100, pH 
7.4, suspended in 50 u\ of SDS-PAGE sample buffer and electrophore- 
sed on a 5-15% gradient SDS-PAGE gel. Gels were fixed in 10% acetic 
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acid, 50% methanol, soaked in Amplify (Araersham Life Science, Inc., 
Little Chalfont, United Kingdom), and dried before exposing to film for 
3 days. 

Degradation of l25 I-tPA by HepG2 Cells — HepG2 cells plated in 24- 
well culture dishes were washed three times in EMEM, 0.2% BSA and 
incubated in 2 ml of medium containing 3 nM 125 I-tPA in the presence or 
absence of the following ligands: 1}1 m m unlabeled tPA, 2) 2 ixgfm\ (3.3 
nM) purified placental LRP, and 3) 10 /xg/ml (16.7 nM) purified placental 
LRP. After incubation for appropriate times, binding medium was re- 
moved and mixed with an equal volume of 209c trichloroacetic acid 
containing 4% phosphotungstic acid, incubated on ice for 10 min, cen- 
trifuged 10,000 x g for 5 min, and a 1-ml aliquot of supernatant was 
counted in a y-counter to determine counts/min of 125 I-tPA degraded 
from triplicate cultures at each time point. 

Determination of sLRP Concentration in Human Plasma — The LRP 
immunoassay was used to determine the concentration of sLRP in 
human plasma. A standard curve was prepared by diluting affinity- 
purified placental LRP in the concentration range 0.125-2.5 ng/mL 
sLRP concentrations were calculated from the standard curve using a 
four parameter curve fit. A preliminary study was conducted to deter- 
mine the effect of blood additives and storage conditions on the estima- 
tion of LRP concentration by the LRP immunoassay. To determine the 
range of LRP in normal human plasma, citrated plasma was obtained 
from 50 healthy blood donors giving informed consent. In addition, 
citrated plasma samples (n = 45) were collected by the Clinical Chem- 
istry Department, Prince of Wales Hospital, Rand wick, New South 
Wales, Australia. These plasma samples were obtained from patients 
with clinical manifestation of liver disease, which was confirmed by 
routine liver function test assessing plasma and urinary bilirubin, 
plasma alkaline phosphatase, plasma transaminases, plasma y-glu- 
tamyltransferase. A third set of plasma samples from patients (n = 49) 
with non-insulin-dependent diabetes mellitus (NIDDM) were kindly 
provided by Drs T. Mori and D. Dunstan, Department of Hematology, 
Royal Perth Hospital, Western Australia. 

RESULTS 

Human Plasma Contains a Soluble Molecule with the Char- 
acteristics of LRP (sLRP) — An affinity matrix consisting of 
activated a 2 M-Sepharose is able to deplete plasma of an LRP- 
like molecule detected using a specific LRP immunoassay (Fig. 
1A). Consistent with Ca 2 + -dependent ligand binding, the im- 
munoreactivity was recovered by washing the column with 25 
mM EDTA, pH 6.0 (Fig. LB). Analysis of the EDTA eluate of 
human plasma adsorbed to a 2 M~Sepharose by SDS-PAGE (re- 
ducing) revealed the presence of a single chain molecule which 
co-migrates with the a-chain of LRP (M r 500,000) isolated from 
human placental membranes (Fig. 2A). The high molecular 
weight protein appears to be structurally and functionally re- 
lated to human LRP a-chain, as it is recognized by an anti-LRP 
mAb (8G1) on Western blot and binds 125 I-RAP in a ligand blot 
(Fig. 2A). In contrast, a mAb specific for the COOH terminus of 
LRP f3~chain (M r 85,000) failed to specifically recognize any 
species in the enriched plasma fraction either by specific im- 
munoassay (data not shown) or Western blot (Fig. 2B). A sec- 
ond, distinct anti-LRP mAb detected sLRP in the enriched 
plasma fraction, providing further evidence that the affinity 
eluate of human plasma contains a molecule closely related to 
LRP (Fig. 2C). A molecule of identical electrophoretic mobility 
was also recognized by an affinity-purified rabbit anti-human 
LRP polyclonal antibody (R777, a generous gift of Dr. Dudley 
Strickland, American Red Cross; data not shown). 

sLRP Is Secreted by Primary Cultures of Rat Hepatocytes — 
Ligand blot analysis of culture medium conditioned by primary 
cultures of rat hepatocytes revealed the presence of a 125 I-RAP- 
binding protein that co-migrated on SDS-PAGE with human 
placental LRP and a cell-associated molecule in cellular lysates 
of cell rat hepatocytes (Fig. 3A). Prior to analysis the condi- 
tioned medium was concentrated 16-fold by ion exchange chro- 
matography on DEAE-Sephacel. Immunoprecipitation of met- 
abolically labeled human HepG2 and HFF cells with an anti- 
LRP a-chain antibody (8G1) failed to detect the accumulation 
of a soluble form of LRP in the supernatant medium after a 4-h 
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Fig. 2. Characterization of affinity-isolated sLRP. A, analysis of 
the plasma eluate (lane 2) by SDS-PAGE and silver stain revealed the 
presence of a band of M T 500,000, which co-migrated with the a-chain of 
placental LRP (lane 1, arrow), was recognized by an anti-LRP a-chain 
mAb, 8G1, and bound 125 I-RAP on a ligand blot. B, LRP 0~chain mi- 
grates on SDS-PAGE with M r 85,000. The placental LRP preparation 
contains two molecules specifically recognized by the anti-LRP 0-chain 
antibody: the strong band at M r 85,000 represents the mature LRP 
/3-chain (arrow), while the size of the weaker high molecular weight 
band (M r > 500,000) is consistent with incompletely processed LRP 
prohormone, which has not been cleaved into the two LRP subunits. 
The plasma affinity eluate did not contain a molecule that specifically 
reacted with the anti-LRP £-chain antibody. The band present at M r 
120,000 in lane 2 was a nonspecific contaminant in this preparation, 
which was recognized directly by the secondary (rabbit anti-mouse 
Ig-horseradish peroxidase) antibody. C, further confirmation that the 
plasma affinity eluate contains a molecule closely related to LRP is 
provided by the recognition of a band, which co-migrated with placental 
LRP a-chain (not shown), by both the 8G1 mAb (lane 1) and a second, 
distinct anti-LRP a-chain mAb (lane 2) on Western blot. 



chase (Fig. 3B). Cell-associated LRP was readily detected at 
each chase time point, i.e. from the end of the 1-h pulse on- 
wards. Long term labeling experiments (up to 24 h) also failed 
to detect soluble forms of LRP in medium conditioned by these 
cells (data not shown). 

A Soluble form of LRP Is Able to Perturb the Degradation of 
tPA by HepG2 Cells—The uptake and degradation of tPA has 
been demonstrated to be mediated by LRP and can be inhibited 
by the LRP antagonist RAP (14). Ligand blot analysis demon- 
strates that both the purified placental LRP and the plasma- 
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HepG2 Ce»s Fibroblasts 

Fig. 3. sLRP is released by cultured primary rat hepatocytes. 

A, rat hepatocytes were cultured for 7 days in serum-free medium on 
matrigel to maintain a differentiated phenotype characteristic of adult 
liver. Samples, prepared as described under " Materials and Methods," 
were electrophoresed on 6% SDS-PAGE gels for ligand blot analysis. 
Blots were incubated with i25 I~RAP to detect LRP in human placental 
LRP (40 ng; lane /), hepatocyte cell lysate {lane 2), hepatocyte cell 
lysate eluted from DEAE-Sephacel (lane 3), and rat hepatocyte condi- 
tioned medium concentrated 16-fold on DEAE-Sephacel (lane 4). B f 
monolayer cultures of human HepG2 and foreskin fibroblast cells were 
biosynthetically labeled by incubation at 37 °C in [ 35 S]Cys/Met contain- 
ing medium. At selected chase time points, medium and cells were 
collected and immunoprecipitated with an anti-LRP mAb, as described 
under "Materials and Methods." Immunoprecipitates were electro- 
phoresed on 5-15% gradient SDS-PAGE gels and processed for autora- 
diography. Autoradiographs from the 4-h chase time point are shown 
above. + indicates immunoprecipitate obtained with anti-LRP mAb, 
and - indicates negative control in which no antibody was present. The 
position of specifically immunorprecipitated LRP a-chain is marked by 
the arrow. 

derived sLRP bind l25 I-tPA-PAI-l complexes (Fig. 4A). Fig. 4B 
demonstrates the inhibition of t25 I-tPA degradation by HepG2 
cells when assays were conducted in the presence of 10 pug/ml 
(16.7 nM) purified placental LRP. 

Plasma sLRP Levels Are Increased in Patients with Liver 
Disease — sLRP levels were measured in healthy subjects to 
define the normal concentration range. The plasma sLRP con- 
centration estimated using the LRP immunoassay did not vary 
significantly when blood from healthy donors was collected into 
a dry tube (serum, 6.9 ug/ml), EDTA (6.5 ug/ml), or citrate (6.8 
jug/ml), when samples were assayed at 10-20-fold dilution in 
Ca 2 * -containing assay buffer. Addition of 10 IU/ml heparin to 
the assay buffer to prevent postdilution clotting also did not 
interfere with the estimation of sLRP concentration. The range 
of sLRP concentration detected in the plasma of healthy sub- 
jects (n = 50; mean 6.1 ± 1.2 ug/ml; range 3.7-10.8 ug/ml). 
patients with abnormal liver function (n - 45; mean 7.1 ± 3.44 
ug/ml, range « 2.0-22.4 u.g/ml), and patients with NIDDM 
(n = 49; mean 6.5 ± 0.9 /xg/ml, range = 5.0-9.0 ug/ml) is shown 
in Fig. 5. The plasma concentration of sLRP was significantly 
altered (varied by >2 S.D. from the mean normal coneentra- 
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Fig. 4. A soluble form of LRP inhibits the degradation of 125 I« 
tPA by HepG2 cells. A, ligand blot analysis confirms that placental 
LRP is able to bind ,25 I-tPA»PAI~l complexes in a ligand blot (lane 1). 
Similarly, the circulating molecule enriched from human plasma by 
a 2 M-Sepharose affinity chromatography binds 125 I-tPAPAI-l com- 
plexes in a ligand blot (lane 2). The specificity of binding is indicated by 
the absence of binding in the presence of excess unlabeled tPA (lane 3). 
The faster migrating, second band binding 125 I-tP PAI-l in lane 2 was 
also recognized by the anti-LRP mAb 8G1 (lane 4) and frequently 
appears after storage of the affinity eluate. B, HepG2 monolayers were 
incubated at 37 °C with 4 nM t25 I-tPA diluted in Dulbecco's modified 
Eagle's medium, 1% BSA in the presence or absence of competitors as 
indicated. Endocytosis and degradation of the ligand were indicated by 
the appearance of trichloroacetic acid-soluble counts/min in the culture 
supernatant. Each symbol represents the average of triplicate determi- 
nations ± S.D. 
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Fig. 5. The plasma concentration of sLRP is altered in patients 
with liver disease. The normal concentration range of sLRP in the 
plasma of healthy subjects (n = 50), estimated using the LRP immu- 
noassay, is shown alongside that detected in patients (n - 45) display- 
ing abnormal liver function and patients with NIDDM (n = 49). The 
normal concentration range of plasma sLRP concentration is indicated 
by the hatched area on the graph; this area corresponds to the mean 
concentration in the healthy subjects (6.1 jxg/ml) ± 2 S.D. (±2.4). 



tion, i.e. outside the range 3.7-8.5 /xg/ml) in 24% plasma sam- 
ples from patients with abnormal liver function. In the NIDDM 
disease control group, only two plasma samples (4%) contained 
a significantly altered sLRP concentration (both above 8.5 /xg/ 
ml). The altered plasma sLRP concentrations associated with 
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abnormal liver function test did not correlate with disease 
etiology nor with the level of any plasma proteins assayed, 
including bilirubin, alkaline phosphatase, transaminases, 
y-glutamyltransferase or S'-nucIeotidase. 

DISCUSSION 

LRP belongs to the low density lipoprotein receptor family, 
the members of which share many structural and functional 
characteristics (3). The a-chain of the heterodimeric LRP con- 
tains multiple, Ca 2 ^-dependent ligand binding domains and is 
noncovalently bound on the cell surface to the membrane- 
spanning j3~ehain (15). The characteristics of the soluble mole- 
cule circulating in human plasma suggest it is a molecule 
closely related to the a-chain of LRP: it displays Ca 2+ ~depend- 
ent binding to two established LRP ligands RAP and activated 
a 2 M, a ligand uniquely recognized by LRP; it is a single chain 
molecule which co-migrates on SDS-PAGE with authentic hu- 
man placental LRP a-chain; and it is recognized by two distinct 
anti-LRP a-chain monoclonal antibodies. We were unable to 
detect the intracellular COOH terminus of the LRP 0-chain in 
the affinity-isolated sLRP. However, it is possible that a trun- 
cated /3-chain may be associated with the soluble a-chain. Pre- 
cise determination of the exact structure of plasma sLRP and 
its relative affinity for the various LRP ligands will only be 
possible with a highly purified preparation of sLRP. These 
studies are currently under way. The presence of a circulating 
LRP-like molecule is not confined to human plasma, and a 
similar molecule has been detected in plasma and serum from 
a variety of mammals and the chicken. 2 

LRP is most highly expressed in the liver, and analysis of 
culture medium conditioned by primary cultures of rat hepa- 
tocytes revealed the presence of an sLRP-like 125 I-RAP-binding 
protein. Our experiments could not detect the release of a 
soluble form of LRP from the human hepatoma cell line HepG2, 
nor from cultured normal human fibroblasts, suggesting that 
the release of sLRP is not a constitutive property of all cultured 
cells. The absence of sLRP in medium conditioned by the hep- 
atoma cell line suggests that the production of sLRP may be 
associated with the more differentiated phenotype of the pri- 
mary hepatocytes cultured on matrigel (16). Further studies 
are required to investigate the factors regulating the produc- 
tion of sLRP. 

The detection of sLRP in hepatocyte-conditioned medium 
provides a model system for the further characterization of 
sLRP and the elucidation of the mechanism generating the 
soluble form. A wide variety of receptors and other plasma 
membrane proteins have been identified as having soluble 
counterparts in serum (17). There are examples in the litera- 
ture of soluble receptors liberated by proteolytic cleavage of 
receptor exodomains (18, 19) and those that derive from differ- 
ential splicing of a common mRNA transcript or transcription 
of closely related, but distinct, genes (20). In the case of LRP, 
another potential mechanism for the generation of sLRP could 
be the disruption of the noncovalent bond that anchors the 
a-chain to the membrane-spanning /3-chain (15). A soluble form 
of gp330, another member of the low density lipoprotein recep- 
tor family, has been detected in the supernatant of a yolk sac 
carcinoma cell line (21). Interestingly, in this cell line gp330 
was present on the cell surface and in supernatant as a complex 
with RAP. No further characterization of the cellular and molec- 
ular events regulating gp330/RAP release has been reported. 

Soluble receptors, generally, have reduced ligand affinity 
constants compared with their membrane-bound counterparts, 
and the circulating receptor concentration may be insufficient 
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to effectively compete ligand binding to the cell-bound molecule 
(22). Our preliminary experiment indicates that the addition of 
soluble purified placental LRP at a physiologically relevant 
concentration (10 fxg/m\) was able to inhibit the degradation of 
tPA by cultured HepG2 cells, a process that has been demon- 
strated previously to be mediated by cell surface LRP (14). This 
indicates that the sLRP may act as a competitive inhibitor of 
ligand uptake by cell surface-bound LRP. The inhibition of tPA 
uptake by soluble LRP may have negligible consequences to the 
level of extracellular proteolysis, because the enzyme is rapidly 
inactivated before endocytosis by complex formation with plas- 
minogen activator inhibitor-I (PAI-1), present in large excess in 
the extracellular matrix of HepG2 cells (23, 24). However, LRP 
mediates the uptake of many biologically active molecules, 
including the potent angiogenesis inhibitor, thrombospondin 
(25), apoE-enriched lipoproteins (26), lipoprotein-lipase (27), 
and is able to bind directly active tPA (28) and urokinase PA 
(29). Increased levels of soluble LRP may extend the half-life of 
these active ligands and influence diverse biological processes, 
including lipid metabolism, cell growth, and migration and 
extracellular proteinase activity. 

The identification of a soluble molecule with the character- 
istics of LRP introduces a new dimension into the biology of 
this unique molecule. Further studies are required to under- 
stand the biochemical mechanisms involved in the generation 
of sLRP and establish its physiological role. The concentration 
of plasma sLRP appears to alter in some patients with im- 
paired liver function. A more extensive study is required to 
substantiate this preliminary data and elucidate the functional 
implications of the moderate changes. As LRP has been impli- 
cated to be overexpressed in a range of other pathological 
processes, including atherosclerosis (30) and Alzheimer's dis- 
ease (31), the functional or prognostic implications of plasma 
sLRP concentration requires investigation. 
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The 39-kDa receptor-associated protein (RAP) is a mo- 
lecular chaperone for the low density lipoprotein recep- 
tor-related protein (LRP), a large endocytic receptor 
that binds multiple ligands. The primary function of 
RAP has been defined as promotion of the correct fold- 
ing of LRP, and prevention of premature interaction of 
ligands with LRP within the early secretory pathway. 
Previous examination of the RAP sequence revealed an 
internal triplication. However, the functional implica- 
tion of the triplicated repeats was unknown. In the cur- 
rent study using various RAP and LRP domain con- 
structs, we found that the carboxyl-terminal repeat of 
RAP possesses high affinities to each of the three ligand- 
binding domains on LRP, whereas the amino-terminal 
and central repeats of RAP exhibit only low affinity to 
the second and the fourth ligand-binding domains of 
LRP, respectively. Using truncated soluble minirecep- 
tors of LRP, we identified five independent RAP-binding 
sites, two on each of the second and fourth, and one on 
the third ligand-binding domain of LRP. By coexpress- 
ing soluble LRP minireceptors and RAP repeat con- 
structs, we found that only the carboxyl-terminal repeat 
of RAP was able to promote the folding and subsequent 
secretion of the soluble LRP minireceptors. However, 
when the ability of each RAP repeat to inhibit ligand 
interactions with LRP was examined, differential ef- 
fects were observed for individual LRP ligands. Most 
striking, both the amino-terminal and central repeats, 
but not the carboxyl-terminal repeat, of RAP inhibited 
the interaction of a 2 -macroglobulin with LRP. These dif- 
ferential functions of the RAP repeats suggest that the 
roles of RAP in the folding of LRP and in the prevention 
of premature interaction of ligand with the receptor are 
independent. 



The 39-kDa receptor-associated protein (RAP) 1 is an unique 
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receptor antagonist. The target receptors for RAP are cysteine- 
rich endocytic receptors that belong to the low density lipopro- 
tein (LDL) receptor family (1). The four representative recep- 
tors in this family are the LDL receptor (2), the LDL receptor- 
related protein (LRP, Ref. 3), glycoprotein gp330/megalin (4), 
and the VLDL receptor (5). Among these receptors, LRP and 
gp330/raegalin are large multifunctional receptors with multi- 
ple ligand-binding domains, which bind several structurally 
and functionally distinct ligands (for reviews, see Refs. 1 and 
6). While RAP exhibits high affinities for LRP, gp330/megalin, 
and the VLDL receptor, it binds only weakly to the LDL recep- 
tor (7). Upon binding to these receptors, RAP inhibits the 
binding and/or endocytosis of all the ligands by the receptors. 
This unique feature of RAP has allowed its extensive use in 
biological studies of these endocytic receptors. Recent evidence 
has suggested that, under normal physiological conditions, 
RAP is an endoplasmic reticulum (ER) resident protein and 
functions within the early secretory pathway (8-10). Using 
LRP as the target protein, it was found that RAP retained 
within the ER functions as a regulator of LRP activity by 
transiently interacting with LRP and maintaining LRP in an 
inactive ligand-binding state. As RAP dissociates from LRP in 
response to the lower pH within the Golgi, LRP becomes active 
as it transits to the cell surface (9). The role of RAP in the 
maturation and trafficking of LRP is further supported by 
gene-knockout studies (11), which demonstrate that cells lack- 
ing RAP exhibit a 75% reduction of functional LRP. 

LRP is the largest endocytic receptor identified to date (—600 
kDa). It is synthesized as a single polypeptide chain and 
cleaved in the trans-Golgi into two subunits (12, 13). The 515- 
kDa extracellular subunit contains 31 copies of complement- 
type ligand-binding domains arranged in four clusters with 2, 
8, 10, and 11 repeats, respectively (1, 3). Also present in this 
subunit are 22 copies of cysteine-rich epidermal growth factor 
(EGF) precursor-type repeats which flank the ligand-binding 
domains. The complement-type repeats in LRP are similar to 
those in the LDL receptor in which the 40-residue-long cys- 
teine-rich repeats exhibit a highly conserved spacing pattern of 
six cysteine residues that form three intramolecular disulfide 
bonds (14). The disulfide bonds are believed to be important for 
the stability of the ligand-binding sites on the receptor. The 
complexity of LRP's structure, largely due to the extensive 
intradomain disulfide bonds, presents a challenging task for 
proper folding during its biosynthesis. This process may well be 
assisted by molecular chaperone(s) within the ER. Indeed, us- 
ing anchor-free, soluble mini -receptors that represent each of 
the four putative ligand-binding domains of LRP (SLRPs), our 
most recent studies (15) showed that coexpression of RAP is 
both necessary and sufficient for the correct folding and sub- 
sequent secretion of the SLRPs. Without the coexpression of 
RAP, SLRPs are misfolded due to the formation of intermolec- 
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ular disulfide bonds and are retained within the ER with little 
secretion. It is not known at present whether the role of RAP in 
the receptor's folding is independent from its function in pre- 
venting premature ligand interaction with the receptor. 

The HNEL tetrapeptide at the carboxyl terminus of RAP has 
been shown to mediate its ER localization and retention (9). In 
addition to this ER-retention signal, examination of the RAP 
sequence also identified an internal triplication (9). In the 
present study, using various molecular and cellular ap- 
proaches, we have analyzed the function of each of the three 
repeats of RAP. We found that while the carboxyl-terminal 
repeat of RAP functions similarly to the full-length RAP in 
terms of interacting with the receptor and in assisting the 
receptor to fold, inhibition of at least one LRP ligand, a 2 - 
macroglobulin, can only be achieved with the amino-terminal 
or the central repeats of RAP. These differential functions of 
the RAP repeats suggest that the functions of RAP in receptor 
folding and inhibition of ligand interactions are independent. 

MATERIALS AND METHODS 
Construction of cDNAs for SLRPs— Construction of cDNAs for 
SLRP1, SLRP2, SLRPS, and SLRP4 using polymerase chain reaction 
(PCR) have been described previously (15). The same strategies were 
used for generating additional soluble minireceptors of LRP with an HA 
tag inserted after the signal cleavage site. All oligonucleotides were 
synthesized in the Washington University School of Medicine Protein 
Chemistry Laboratory. The regions represented in the new SLRPs are 
illustrated in Fig. 4, and contain the following amino acid sequences (3): 
SLRP2N, 787-994; SLRP2C, 995-1244; SLRP2N-EGF, 826-994; 
SLRP2C-EGF, 995-1164; SLRP3N, 2462-2712; SLRP3C, 2713-3004- 
SLRP4N, 3274-3553; and SLRP4C, 3554-3843. 

Construction of cDNAs for RAP Repeats — Construction of RAP re- 
peats for cell-transfection was carried out via two sequential steps of 
subcloning. In the first step, the 5' fragment of RAP (signal peptide + 
amino acids 1-17) was generated by PCR using pcDNA-RAP (9) as the 
template and the following two primers: forward primer (5-GATC AA- 
GCTTGG ATGATGGC GCC GC GG AGGGTC A-3 ' ) and reverse primer 
(5 -GATCGGATCCCATCATCATCATCATAGCGTAGTCCGGGACGTC- 
GTACGGGTATCCGGACTCGCGTTTCGGGGACGG-3 ). The reverse 
primer contained a sequence encoding an HA epitope and five methio- 
nine residues. The HA epitope sequence, YPYDVPDVA, is derived from 
influenza hemagglutinin and can be recognized by a monoclonal an- 
ti-HA antibody, 12CA5 (16). The resulting PCR product was subcloned 
into pcDNA3 vector, and the resulting plasmid, termed pcDNA- RAPS', 
was used as the base vector for generating various constructs of RAP. In 
the second step, the carboxyl-terminal portions of RAP (amino acids 
18-323, 18-110, 91-210, 191-323, or 18-250) were generated by PCR 
and subcloned into pcDNA-RAP5\ The resulting plasmids were used 
for cell transfection. 

The methods for constructing GST/RAP constructs have been de- 
scribed previously (9). 

Cell Culture and Transfection — Human glioblastoma U87 cells were 
cultured in Earle's minimum essential medium supplemented with 10% 
fetal calf serum, 2 m.\i L~glutamine, 100 units/ml penicillin, 100 M g/ml 
streptomycin, 1 mM sodium pyruvate, and maintained at 37 °C in hu- 
midified air containing 5% C0 2 (8). For transient transfection, U87 cells 
were transfected with various plasmids at 40-60% confluence using a 
calcium phosphate precipitation method (17). For each well of six-well 
dishes (3.5 cm in diameter), 10 /ig of DNA were used in a total volume 
of 4 ml of medium. Sixteen hours after the start of transfection, cells 
were washed with medium and cultured continuously for an additional 
24 h before use in experiments. The efficiency of transient transfection 
in these studies was consistently about 20-30% as assessed by imraun- 
ofluorescent staining of expressed proteins. 

Metabolic and Pulse-Chase Labeling—Metabolic labeling with 
l 35 Sl methionine or I 35 Slcysteine was performed essentially as described 
before (9). For pulse-chase experiments, cells were pulse-labeled for 1 h 
and chased with serum-containing medium for 3 h. 

Antibodies, Immunoprecipitation, and SDS-Polyacrylamide Gel Elec- 
trophoresis—Polyclonal anti-RAP and anti-LRP antibodies have been 
described before (9). Monoclonal anti-HA antibody was obtained from 
BabCo (12CA5). Immunoprecipitations were carried out essentially as 
described before (18), except the washing buffer for monoclonal anti-HA 
antibody contained 0.1% SDS instead of 1% SDS. Preliminary experi- 
ments were performed to ensure that the primary antibody used in each 



immunoprecipitation was in excess. Protein A-agarose beads were used 
to precipitate protein-IgG complexes. The immunoprecipitated material 
was released from the beads by boiling each sample for 5 min in 
Laemmli sample buffer (62.5 mM Tris~HCl, pH 6.8, 2% (w/v) SDS, 10% 
(v/v) glycerol) (19). If the immunoprecipitated material was analyzed 
under reducing conditions, 5% (v/v) 0-mercaptoethanol was included in 
the Laemmli sample buffer. The percentage of SDS-polyacrylamide gels 
is indicated in each figure legend. Rainbow molecular weight markers 
(Bio-Rad) were used as the molecular weight standards. 

Interaction of GST /RAP Constructs with SLRPs— GST or GST/RAP 
constructs were eiectrophoresed on SDS gels and transferred to nitro- 
cellulose membrane. After blocking with tissue culture medium, mem- 
branes were incubated with conditioned media harvested from SLRP 
and RAP cDNAs-cotransfected cells. The bound SLRPs were then de- 
tected with anti-HA antibody and enhanced chemiluminescence (ECL, 
Amersham). 

Ligand Blotting, Binding, and Degradation Analysis— For ligand 
blotting analysis, purified human LRP was eiectrophoresed on SDS gel 
and transferred to nitrocellulose membrane. Strips of membrane were 
then incubated with GST or GST/RAP constructs, and bound proteins 
were detected using anti-GST antibody. For binding and degradation 
analysis, GST/RAP fusion proteins were subjected to thrombin cleavage 
and cleaved GST was removed with glutathione agarose beads (20). The 
resulting recombinant proteins of RAP constructs (RAP~( 1-323), RAP- 
(1-110), RAP-(91-210), and RAP-< 191-323)) were used for competition 
assays. Each of analyzed RAP and its constructs was iodinated using 
the IODOGEN method (21). Binding of 125 I-RAP to U87 cells in the 
absence or the presence of cold competitor has been described previ- 
ously (8). All the LRP ligands tested have been described before (23-26). 
Each of these ligands was iodinated and used for cellular degradation 
analysis by measuring cell-mediated trichloroacetic acid-soluble radio- 
activity released into the overlying medium, in the absence or the 
presence of excess unlabeled RAP constructs. Each assay was carried 
out in triplicate, and the standard deviations were used for error bars. 

RESULTS 

Sequence Analysis for RAP— hi our previous studies (9), we 
noted a possible internal triplication in the primary structure 
of RAP. However, the boundaries and the relationship among 
the three repeats were not clear. In the present studies, we 
have used several DNA computer analysis programs to exam- 
ine the RAP sequence. Shown in Fig. 1 is the sequence analysis 
using the GCG package (Program Manual for the Wisconsin 
Package, version 8, Genetics Computer Group). The programs 
Compare and Dotplot examine the sequence homology by iden- 
tifying both identical and similar residues along the sequence. 
When RAP was compared with itself using a window of 30 
residues and a stringency of 15 residues, we found significant 
homology between regions within 1-100 and 201-300, as well 
as between regions 101-200 and 201-300 (Fig. 1A). Only scat- 
tered homology was found between regions of 1-100 and 101- 
200. Thus, we assigned the RAP sequence into three repeats 
approximately equal in sizes (repeat 1 = 1-100; repeat 2 = 
101-200; repeat 3 = 201-323). Using these boundaries, we 
compared the sequence homology among the three repeats. The 
lower homology between repeat 1 and repeat 2 prompted us to 
compare each of the two repeats separately, using the Gap 
program of the GCG package. We found that both repeat 1 and 
repeat 2 have high homology with repeat 3 (46.4% and 45.5% 
similarity, respectively), whereas repeat 1 and repeat 2 have 
relatively low homology (38.9% similarity). Thus, we speculate 
that if the three repeats of RAP were derived from the same 
ancestral sequence, repeat 1 and repeat 2 may have been 
derived from repeat 3 separately during evolution. Two regions 
between repeat 1 and 3 were further identified for high homol- 
ogy, which are represented by the two elongated homology lines 
in Fig. 1A. Only one (albeit longer) region was found between 
repeat 2 and repeat 3 that shares high homology. These homol- 
ogous regions are graphically illustrated in Fig. IB. 

Differential Interactions of RAP Repeats with LRP— To ana- 
lyze whether each of the three triplicated repeats interact 
similarly with LRP, we performed ligand blotting analysis us- 
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Fig. 1. Internal triplication of RAP. 

Protein sequence analysis of human RAP 
was performed using GCG package. A, 
linear sequence comparison of RAP (323 
residues) to itself using the Compare and 
Dotplot programs of GCG with a window 
of 30 residues and a stringency of 15 res- 
idues. Region of 1-100 is defined as re- 
peat 1, 101-200 is defined as repeat 2, 
and 201-323 is defined as repeat 3. Dots 
are generated when a homology is found, 
and lines are regions where continuous 
homology (dots) are found. B, graphical 
illustration of internal triplicated repeats 
of RAP. The black and cross-hatched 
boxes are high homologous regions be- 
tween repeat 1 and repeat 3. The stippled 
boxes represent high homologous regions 
between repeat 2 and repeat 3. The ER- 
retention signal HNEL at the carboxyl 
terminus is also labeled. 
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ing GST/RAP constructs representing each of the three repeats 
(9). In addition to the full-length RAP (GST/RAP~< 1-323)), 
three GST/RAP repeat constructs were made, which slightly 
overlapped at the assigned boundaries (i.e. GST/RAP-Q-110), 
GST/RAP-(91-210), and GST/RAP-U91-323), see Fig. 2A). 
When these GST fusion proteins were tested for interaction 
with LRP via ligand blotting (Fig. 2J3), we found that repeat 3 
possessed similar affinity for LRP as full-length RAP. Although 
they have much lower affinities, repeat 1 and repeat 2 of RAP 
also appear to be capable of interacting with LRP. Due to low 
specific radioactivity following iodination of repeats 1 and 2, we 
were unable to conclusively compare the affinities of RAP re- 
peats with LRP on the cell surface directly. However, to exam- 
ine the relationships of these interactions at the cell surface, we 
performed competition analysis for the binding of full-length 
RAP to U87 cells (8, 9) by each of the RAP repeat constructs. To 
eliminate potential steric hindrance effects of GST on ligand 
inhibition, we removed the GST portion from each of the fusion 
constructs, and thereafter repurified the resulting RAP frag- 
ments. Shown in Fig. 2C are the binding of either 125 I-RAP-(1- 
323) or 125 I-RAP-(191-323) to U87 cells in the absence or the 
presence of excess unlabeled competitors (100-fold excess). As 
seen in the figure, in addition to the full-length RAP, only 
repeat 3, but not repeats 1 and 2, demonstrated inhibition of 
the binding of 125 I-RAP-( 1-323). For binding of 125 I-RAP-(191- 
323), both unlabeled full-length RAP and repeat 3 maximally 
inhibited, while repeat 1 and repeat 2 inhibited binding 
slightly. These results suggest that, among the three repeats of 
RAP, the third repeat possesses the highest affinity for LRP, 



consistent with the results obtained from the ligand blotting 
analysis. 

Differential Interactions of RAP Repeats with Ligand-bind- 
ing Domains of LRP — In our previous studies, we have shown 
that RAP binds to the second, third, and fourth ligand-binding 
domains of LRP (15). To analyze to which of the ligand-binding 
domains each of the RAP repeat binds, we performed experi- 
ments in which potential interactions between a given RAP 
repeat and a given ligand-binding domain of LRP were exam- 
ined. Ligand-binding domains of LRP were represented by 
SLRPs, which upon coexpression with RAP, are secreted into 
the media (15) (also see illustrations in Fig. 4 for schematic 
representations of SLRPs). GST/RAP constructs, separated via 
SDS-polyacrylamide gel electrophoresis, were transferred onto 
nitrocellulose and incubated with conditioned media contain- 
ing SLRP2 (Fig. 3A), SLRP3 (Fig. 3B), or SLRP4 (Fig. 30. The 
SLRPs that interacted with GST/RAP constructs were then 
detected using anti-HA antibody (15). As seen in the figures, no 
interaction of the negative control, GST, with any SLRP was 
detected. Both full-length RAP (GST/RAP-( 1-323)) and repeat 
3 of RAP (GST/RAP-U91-323)) interacted with each of the 
three SLRPs, suggesting that repeat 3 of RAP contains the 
binding determinants for interacting with each of the three 
ligand-binding domains on LRP. Weak interaction of repeat 1 
of RAP was detected only with SLRP2, whereas weak interac- 
tion of repeat 2 of RAP was seen with only SLRP4. These 
weaker interactions were enhanced when the amounts of GST/ 
RAP fusion protein were increased by 10-folds (as is the case 
presented in Fig. 3). These results suggest differential interac- 
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Fig. 2. Interaction of triplicated repeats with LRP. A, schematic representation of GST/RAP constructs. Numbers represent amino acid 
residue ; positions. B hgand blotting of GST/RAP constructs to LRP. Purified human LRP was eiectrophoresed on 5% SDS gel and Tranced to 
nitrocellulose membrane. Strips of membrane were then incubated with GST or GST/RAP constructs, and bound proteins were detected using 
anti-Gbl antibody and enhanced chemiluminescence (ECL, Amersham) detection method. C, competition of ias I-RAP-( 1-323) or 125 I-RAP nqi- 
323) binding to U87 cells by RAP repeat constructs. Binding of ^I-RAP-( 1-323) or ^I-RAP-( 191-323) (4 nM) to U87 cells was performed in the 
absence or presence of unlabeled competitors (400 nM) as labeled in the figure. The GST portion had been cleaved off from each of the proteins used 
m tnese experiments. 
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tions of RAP repeats with ligand-binding domains on LRP. Two 
additional RAP repeat constructs were tested in these experi- 
ments, one with the ER-retention signal HNEL deleted (GST/ 
RAP-(1-319)), and one containing repeats 1 and 2, and part of 
repeat 3 of RAP (GST/RAP-( 1-250)). As shown in Fig. 3, GST/ 
RAP-C1-319) interacted similarly to full-length RAP with LRP, 
indicating that the HNEL signal is not important for RAP 
interaction with LRP. The fact that GST/RAP-( 1-250) does not 
interact with SLRP3 is consistent with the notion that neither 
repeat 1, nor repeat 2 of RAP interacts with the third ligand- 
binding domain of LRP, and suggests residue 250-323 are 
important for interacting with SLRP3. 

Our previous cell surface saturation binding analyses have 
suggested that each LRP molecule contains 5-7 binding sites 
for RAP (22). Thus, to further define the binding sites of RAP 
on the subdomains of LRP, we prepared constructs represent- 



ing approximately each half of the three ligand-binding do- 
mains, with or without the flanking EGF precursor type re- 
peats (see "Materials and Methods"). These regions are 
graphically illustrated in Fig. 4. Using these SLRPs and the 
coexpression of RAP, we have analyzed the interaction with 
each of the repeats within RAP, as well as the full-length RAP. 
The results are summarized in Table I. As seen in the table, the 
amino-terminal (SLRP2N) and carboxyl-terminal (SLRP2C) 
halves of the second ligand-binding domain of LRP (SLRP2) 
interacted equally well with both full-length RAP and the re- 
peat 3 of RAP, suggesting that at least two independent RAP- 
binding sites exist within the second ligand-binding domain of 
LRP. Removal of the EGF precursor repeats from either the 
amino-terminal half (SLRP2N-EGF) or the carboxyl-terminal 
half (SLRP2C-EGF) had no effect on their interactions with 
RAP, suggesting that the EGF precursor repeats are not re- 
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Fig. 4. Soluble domain and subdo- 
main constructs of LRP. Figure is a 
schematic representation of domain and 
subdomain constructs of SLRPs used in 
our studies. 
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Table I 

Interaction of SLRPs with GST/ RAP constructs 
•?u ST °^ .^ST/RAP constructs were eiectrophoresed on SDS gels and transferred to nitrocellulose membrane. Membranes were then incubated 
with conditioned media harvested from SLRP and RAP cDNA-cotransfected U87 cells. The bound SLRPs were then detected with anti-HA antibody 
and enhanced chemiJuminescence (ECL, Amersham) detection method. no detectable interaction; +,++,+ ++, and + + + + represent various 
degree of interactions from minimum to maximum. 
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quired for RAP's interactions with LRP. When the third ligand- 
binding domain of LRP was divided in half, only the carboxyl- 
termina! half (SLRP3C) exhibited interaction, albeit weak, 
with RAP, consistent with the notion that this repeat contains 
only one RAP-binding site likely localized near the middle of 
this repeat. Although the carboxyl-terminal half (SLRP4C) ex- 
hibited somewhat weaker interaction, both the ammo-terminal 
(SLRP4N) and carboxyl-terminal (SLRP4C) halves of the 
fourth ligand-binding domain of LRP reacted with RAP, sug- 
gesting that this ligand-binding domain of LRP likely contains 
two RAP-binding sites. Taken together, we have thus identified 
at least five independent RAP-binding sites on LRP. The exact 
number of RAP-binding sites on LRP and their precise local- 
ization will require further investigation. 

Also shown in Table I are results of interactions between 
different SLRPs and the three RAP repeat constructs. It ap- 
pears that the binding sites for repeats 1 and 2 of RAP are both 
localized on the amino-terminal halves of the second and fourth 
repeats of LRP, respectively. 

Role of RAP Repeats in the Folding and the Secretion of 
SLRPs — To examine the ability of RAP repeats to promote the 
folding process of LRP, we constructed cDNAs corresponding to 
the full-length RAP and each of its three repeats of RAP. An HA 
epitope and five methionine residues were included in the 
constructs to monitor the expression of these proteins after cell 
transfection. When these cDNAs were transfeeted into U87 
cells (8), we found abundant expression for each of them fol- 
lowing metabolic labeling with [ 35 SJ methionine and irarauno- 
precipitation with anti-HA antibody (Fig. 5A). The expression 
levels of RAP and its individual repeats after transfection were 
approximately 50-fold higher when compared with the endog- 
enous RAP (data not shown, see Ref. 15). In our previous 
studies, we developed a system by which the folding of LRP can 
be evaluated using SLRPs (15). Correct folding and the subse- 



quent secretion of each of the three ligand-binding domains of 
LRP (SLRP2, SLRPS, and SLRP4) require the coexpression of 
RAP. Shown in Fig. 5B is an experiment in which SLRP2 is 
expressed in U87 cells without or with coexpression of full- 
length RAP (RAP-( 1-323 )). The secretion level of SLRP2 was 
monitored by analyzing radiolabeled SLRP2 in the media and 
cell lysates after pulse labeling with [ 35 S] cysteine for 1 h and 
chase for 3 h. As seen in the figure, without coexpression of 
RAP-( 1-323), little secretion (-8% of total radioactivity) of 
SLRP2 was seen, whereas when RAP-(l-323) was coexpressed, 
about 50% of total 35 S-SLRP2 was secreted. Using the same 
assay, we analyzed the ability of each RAP repeat construct in 
the secretion of SLRPs. Shown in Fig. 5C are results from a 
representative experiment of the four performed. The percent 
of SLRP secretion after pulse-chase labeling was plotted 
against individual constructs. As seen in the figure, repeat 3 of 
RAP (RAP-U91-323)) functioned at least as well (SLRP4) if not 
better (SLRP2 and SLRPS) than the full-length RAP in its 
ability to assist the folding and secretion of each of the three 
SLRPs. Both repeat 1 and 2 of RAP had little effect on the 
secretion of SLRPs, possibly due to their lower affinity for the 
SLRPs. Also examined in these experiments was RAP-( 1-250), 
which functioned similarly to the full-length RAP in the secre- 
tion of SLRP2 and SLRP4, but not SLRPS, consistent with its 
ability to bind LRP (see Fig. 3). 

Role of RAP Repeat Constructs in the Inhibition of Ligand 
Interactions with LRP— RAP has been used extensively in the 
study of LRP ligands due to its ability to antagonize ligand 
interactions with the receptor (1). To examine the ability of 
each of the RAP repeats to inhibit LRP ligands, we analyzed 
the interaction of several ligands with LRP in the absence or 
the presence of either the full-length RAP or each of the repeat 
constructs of RAP. To exclude any possible steric hindrance by 
GST, we proteolytically removed it from each of the fusion 
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Fig. 5. Effects of RAP repeat constructs on the folding and secretion of SLRPs. A, expression of RAP repeat constructs via cell 
transaction. U87 cells were transfeeted with cDNAs for each of the RAP constructs as labeled. Trans fee ted cells were then metabolically labeled 
with [ SI methionine for 4 h and immunoprecipitated with anti-HA antibody. The immunoprecipitated proteins were analyzed on 15% SDS- 
polyacrylamide gel and exposed to film overnight. B, secretion of SLRP2 without or with the cotransfection of cDNA for RAP-( 1-323). U87 cells were 
transfected with cDNA for SLRP2 with the cotransfection of either vector alone {-RAP 1-323), or cDNA for RAP-( 1-323) (+ RAP 1-323) Trans fee ted 
cells were then metabolically pulse-labeled with [ 35 S] cysteine for 1 h, and chased in complete media for 3 h. The SLRP2 was then immunopre- 
cipitated with anti-HA antibody and examined via 7.5% SDS gel. The band intensities were quantitated by the Storm phosphorimaging analysis 
(Molecular dynamics) and the percentage of 35 S-SLRP2 radioactivity associated with cell lysates (C) or media (Af) are given below each lane. C 
secretion of SLRPs in the absence or presence of coexpression with RAP repeat constructs. U87 cells were transiently cotransfected with cDNAs 
for one of the SLRPs and one of the RAP repeats constructs as indicated (pcDNA for negative controls). After transfection, cells were metabolically 
pulse-chase labeled as described in B. The percentage of SLRPs secreted into the overlying media was analyzed as in B, and plotted for each RAP 
repeat construct. 



proteins and repurified the RAP constructs. Since the primary 
binding sites on the cell surface of some LRP ligands are not on 
LRP (e.g. tissue factor pathway inhibitor, or TFPI; see Ref. 23), 
but subsequent internalization and degradation is, we per- 
formed ligand degradation assays using U87 cells. Each of the 
ligands examined was radioiodinated and incubated with U87 
cells for 4 h in the absence or the presence of RAP constructs. 
Shown in Fig. 6 are summaries for four LRP ligands: t-PA (24), 
a 2 M* (25), antithrombin III-thrombin complex (26), and TFPI 
(23). As seen in the figure, full-length RAP inhibited the deg- 
radation of each of the ligands with LRP. Repeat 3 of RAP 
inhibited the degradation of 125 I-t-PA, 125 I-antithrombin III- 
thrombin complex, and 125 I-TFPI, but not 125 I-a 2 M*. Interest- 
ingly, while both repeat 1 and repeat 2 of RAP were generally 
inefficient in inhibiting other ligands, these repeats were very 
effective in inhibiting the interaction of a 2 M* with LRP. Thus, 
LRP ligands were differentially inhibited by RAP repeat con- 
structs, consistent with the hypothesis that LRP ligands bind 
to different sites on the receptor. 

DISCUSSION 

Despite being widely used as an antagonist to LRP on the cell 
surface, RAP has recently been defined as a specialized ER 
chaperone and functions during LRP's folding and subsequent 
trafficking along the early compartments of the secretory path- 



way (9, 10, 15). Previously it had been noted that RAP con- 
tained a triplicated repeat within its sequence (9). However, 
the functional aspects of these repeats have not been defined. 
In the current report, we have re-examined the sequence of 
RAP using several sequence analysis programs. Although no 
clear boundaries can be defined among the three repeats, we 
found that the homologous regions are retained within each 
boundary if RAP is divided into three approximately equally 
sized regions (i.e. repeat 1, amino acids 1-100; repeat 2, amino 
acids 101-200; and repeat 3, amino acids 201-323), 

Several studies have suggested that there are multiple RAP- 
binding sites on each LRP molecule. However, the exact num- 
ber of RAP-binding sites on LRP is unknown. Using cell surface 
binding analyses, we have previously shown that there were 
approximately 5-7 times more RAP-binding sites on hepato- 
eytes when compared with t-PA binding sites (i.e. functional 
LRP molecules, see ref. 22). However, other reported binding 
studies of RAP to purified LRP concluded that two RAP-bind- 
ing sites are present on each LRP molecule (27). Using the 
soluble LRP minireceptors, we have recently reported that each 
of the three putative ligand-binding domains of LRP is capable 
of interacting with RAP (15). In the current report, we have 
further analyzed the RAP-binding sites on LRP using domain 
and subdomain constructs of LRP. We found that there were at 
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least two RAP-binding sites on the second and fourth, and one 
on the third ligand- binding domains of LRP, yielding a total of 
at least five RAP-binding sites on the receptor. It should be 
pointed out that, given the fact that each half of the second and 
fourth ligand-binding domains of LRP is capable of binding 
RAP, these repeats may contain more than two RAP binding 
sites. The exact number of RAP-binding sites, as well as the 
regions where RAP binds, will require further investigation. 

The physiological function of RAP has become more clear 
during the past 2 years. The fact that RAP is localized primar- 
ily within the ER with little or no secretion suggests an intra- 
cellular role for this protein. It appears that RAP associates 
with LRP during or immediately after the biosynthesis of the 
receptor (9). Association of RAP with LRP would ensure that 
LRP remains in an inactive ligand-binding state during its 
trafficking along the early secretory pathway. Thi3 appears to 
be important for receptor trafficking as LRP ligands are se- 
creted proteins and often expressed in the same cells as the 
receptor. By associating with the receptor, RAP prevents pre- 
mature interaction of ligands with the receptor (9, 10). This 
function of RAP resembles that of the invariant chain in pre- 
venting premature binding of peptides with the MHC class II 
molecules during their trafficking along the secretory pathway 
(28). Interestingly, using the soluble minireceptor system, our 
recent studies also suggest that RAP is required for the folding 
process of LRP by preventing the formation of intermolecular 
disulfide bonds (15). It is not clear at present whether the 
function of RAP in the folding of the receptor and in preventing 
premature ligand interaction with the receptor are related. For 
example, if a ligand interacts with LRP before the receptor 
completes its folding, the folding process might be impaired. In 



this case, preventing ligand interaction with the receptor en- 
sures the proper folding of LRP. On the other hand, it is 
possible that RAP is independently involved in the folding, but 
remains associated with the receptor after the folding. There- 
after, premature ligand interaction with the receptor may be 
prevented. The precise role of RAP as a chaperone for LRP, as 
well as the mechanisms involved, await further definition. 

The differential functions of the RAP repeats may also ex- 
plain their roles and appearance during evolution. Since repeat 
3 of RAP is capable of assisting the folding of each of the 
ligand-binding domains of LRP and of inhibiting most of the 
ligand interactions with the receptor, it is likely that this 
repeat is essential for RAP'S function and may be the ancestral 
region for the whole molecule; consistent with the indications 
from sequence alignment. However, the fact that interaction of 
some of the LRP ligands (e.g. a 2 -macroglobulin, shown in this 
study) is not inhibited by repeat 3 of RAP suggests the need for 
the first two repeats, which do inhibit these ligand interactions 
with the receptor. It is interesting to note that LRP is present 
in an organism as primitive as the nematode Caenorhabditis 
elegans (29). Examination of the C. elegans gene bank also 
identifies a 290-amino acid protein sequence (gene accession 
no. Z 75527) that shares high sequence homology with human 
RAP, particularly in the portion where repeat 2 and repeat 3 of 
human RAP share most homology. However, no ER-retention 
signal is present at the carboxyl terminus of this sequence. 
Whether this protein is the nematode equivalent of RAP re- 
quires functional studies. It will be interesting in future studies 
to examine the appearance of LRP ligands during evolution. 
For example, or 2 -macroglobulin has been described in the horse- 
shoe crab (30). If most LRP ligands are absent in the nematode, 
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the primary function of RAP may be to aid in receptor folding. 
The role of RAP in inhibiting ligand interaction with the recep- 
tor may have evolved only after LRP expression became high in 
tissues (e.g. liver and brain) of higher organisms and with the 
appearance of the diverse array of LRP ligands. 
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Summary 

We have sought to identify a high-capacity transport 
system that mediates transcytosis of proteins from the 
blood to the brain. The 39 kDa receptor-associated protein 
(RAP) functions as a specialized endoplasmic reticulum 
chaperone assisting in the folding and trafficking of 
members of the low-density lipoprotein (LDL) receptor 
family. RAF efficiently binds to these receptors and 
antagonizes binding of other ligands. Previous studies have 
shown that two large members of the LDL receptor family, 
LDL receptor-related protein 1 (LRP1) and LDL receptor- 
related protein 2 (LRP2 or megalin), possess the ability to 
mediate transcytosis of ligands across the brain capillary 
endothelium. Here, we tested whether blood-borne 
RAP crosses the blood-brain barrier (BBB) by LRP1- 
or megalin-mediated transport by studying the 
pharmacokinetics of [ l25 I)-RAP transport into the brain in 
intact mice and across cell monolayers in vitro. Our results 
show that f 125 l]-RAP is relatively stable in blood for 30 
minutes and has a mean influx constant of 0.62±0.08 til/g- 



minute from blood to brain. In situ brain perfusion in 
blood-free buffer shows that transport of f l25 I]-RAP across 
the BBB is a saturable process. Capillary depletion of brain 
homogenates indicates that 70% of [ 125 IJ-RAP is localized 
in the parenchyma rather than in the vasculature of the 
brain. Results of transport in stably transfected MDCK 
cells are consistent with the hypothesis that megalin 
mediates most of the apical-to-basolateral transport across 
polarized epithelial cells. The inhibition of [ ,25 I)-RAP influx 
by excess RAP and the involvement of megalin indicate the 
presence of a saturable transport system at the BBB. The 
higher permeability of RAP compared with that of 
melanotransferrin and transferrin show that the LRP 
receptor is a high capacity transport system. These studies 
suggest that RAP may provide a novel means of protein- 
based drug delivery to the brain. 

Key words: Receptor-associated protein, Blood-brain barrier. Drug 
delivery, Megalin, LRP, Receptor-mediated transport 



Introduction 

Receptor-associated protein (RAP) is found mainly in the 
endoplasmic reticulum. RAP plays a key role in the proper 
folding and trafficking of members of the low-density 
lipoprotein (LDL) receptor family within the secretory 
pathway, including LDL receptor-related protein 1 { LRP 1) and 
LDL receptor-related protein 2 (LRP2, megalin) (Bu et aL, 
1995). RAP has an apparent molecular mass of 39 kDa in 
humans and 44 kDa in rats, and binds with low affinity to 
heparin sulfate (Orlando and Farquhar, 1994; Melman et aL, 
2001). When administered intravenously, recombinant RAP 
significantly prolongs the plasma half-life of tissue-type 
plasminogen activator (tPA), which uses LRP I as a clearance 
receptor (Warshawsky et aL, 1993). This result indicates that 
binding of circulating RAP to members of the LDL receptor 
family can significantly inhibit the clearance of other ligands 
from the blood. 

Megalin is expressed primarily in a subset of epithelial cell 
layers including those lining the renal proximal tubule, thyroid 
colloid, epididymis, alveolae, brain vasculature, and the ciliary 
body of the eye (Orlando and Farquhar, 1993; Zheng et aL, 



1994). Of particular interest are the cerebral microvessel 
endothelial cells (specialized squamous epithelial cells) 
composing the blood-brain barrier (BBB). In at least three 
cases, megalin has been shown to transcytose ligands in the 
apical-to-basolateral direction across some of these epithelial 
cell layers. Marino and colleagues have shown efficient 
megalin-dependent transcytosis of thyroglobulin across the 
thyroid epithelium (Marino et aL, 2003) and megalin- 
dependent transcytosis of rettnol binding protein across the 
renal proximal tubule epithelium (Marino et aL, 2001). 
Transport of apoJ across the brain capillary endothelium in situ 
also was shown to involve megalin-dependent transcytosis 
(Zlokovic et aL, 1996; Shayo et aL, 1997). Another study has 
shown that the complex between RAP and megalin remains 
stable as far as the late endosome (Czekay et aL, 1997), an 
indication of pH stability that often signifies transcytotic 
competence. 

Exogenously applied RAP can be endocytosed efficiently by 
all members of the LDL receptor family (Bu et aL, 1994; 
Savonen et aL, 1999; Li et aL, 2000; Li et aL, 2001b). RAP has 
also been shown to be functional in both N- and C-terminal 
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fusions with other proteins (personal communication, 
BioMarin Pharmaceutical). Thus, RAP has potential as a 
vehicle to bring other proteins into cells by receptor-mediated 
endocytosis. If RAP undergoes megaiin-dependent transcytosis 
across the brain capillary' endothelium as do thyroglobulin and 
retinol binding protein across other epithelial cells (Marino et 
aL, 2003; Marino et a!., 2001 ), and if the RAP fusion proteins 
maintain domain conformation and the ability to be transported 
across the BBB, RAP could serve as a vehicle for receptor- 
mediated transcytotic delivery of other proteins into the brain 
in vivo. 

The BBB dynamically regulates the availability of proteins 
from blood to brain and spinal cord. In general, peptides 
and proteins in the periphery are excluded from substantial 
entry into the central nervous system. The ability to treat 
neurological disorders with powerful protein and peptide drugs 
is largely hindered by this effect. Therefore, vehicle-mediated 
delivery targeting brain endothelial antigens as transporters has 
been widely explored as a means of protein-based drug 
delivery. The transferrin receptor is highly expressed in brain 
microvessel endothelial cells, and transferrin may be 
transcytosed by this receptor or recycled back to the apical 
surface of the endothelial cells (Morris et aL, 1992; Ueda et 
aL, 1993; Moos and Morgan, 2001). Moreover, high 
concentrations of transferrin in the blood block efficient 
transcytosis of exogenously administered transferrin in vivo. 
The murine OX26 monoclonal antibody to the rat transferrin 
receptor has been used as a vehicle for the delivery of attached 
ligands to the brain (Skarlatos et aL, 1995; Broadwell et aL, 
1996). The related ligand, human melanotransferrin, which 
shares 37% sequence homology with transferrin, has been 
shown to have a high rate of brain uptake and a high 
permeability constant in cultured bovine brain capillary 
endothelial cells (Demeule et aL, 2002). In this report, we 
describe studies to determine whether RAP crosses the BBB 
and how the rate at which this occurs compares with that of 
transferrin and melanotransferrin. 

There are two main implications for the study of RAP 
transport across the BBB. First, the transport system could be 
enhanced to facilitate the transport of ligands such as RAP and 
its homologous proteins. An alternative approach is the use of 
a transport system with a ligand as a carrier protein. Therefore, 
it may be possible to attach the target drug to RAP to provide 
efficient transport into the brain. 

Materials and Methods 

RAP, transferrin and melanotransferrin were provided by BioMarin 
Pharmaceutical (Novato, CA) and radioactively labeled with [ i25 I] by 
the Iodogen or chloramine-T methods. Albumin was radioactively 
labeled with [ 99rn Tcj sodium pertechnetate as previously described 
(Kastin et aL, 2001), or with [ t3l I] by the chloramine-T method. The 
estimated specific activity for the labeled proteins ranged from 60- 1 20 
Ci/g. The purity of the labeled proteins was verified by IIPLC and 
acid precipitation. 

BBB permeability studies 

Male CD1 mice, weighing 25-35 g (Charles River Laboratories), were 
anesthetized immediately before the study. For multiple time 
regression analysis (Kastin et aL. 2001), the mouse received a bolus 
mixture of [ I25 I]-RAP and [ l3i 13~aibumin (0.5-1 uCi/mouse in 100 ul 
of lactated Ringer's with 1% albumin, except when otherwise 



specified) through the left jugular vein. At designated times (I -30 
minutes after injection), blood was collected from a cut in the right 
common carotid artery and the mouse was decapitated immediately. 
Brain and peripheral tissue samples were obtained, weighed, and 
assayed for radioactivity. Radioactivity in 50 ul of seaim was also 
measured for calculation of the volume of distribution. 

To correct for the decay of serum radioactivity over time, 'exposure 
time* was calculated as the integral of serum radioactivity from time 
zero to time / divided by the radioactivity at time t. The unidirectional 
influx constant, A7, expressed in (a 1/g- minute, and the apparent volume 
of distribution, V% in jil/g, were determined from the linear portion of 
the following equation: 

AmiCpt - Ki [fb Cp(x) dxj / Cpt - « , 

where Am is the amount of radioactivity in a tissue sample per 
unit mass (cpm/g), Cpt is the amount of radioactivity in 1 u.1 serum 
at time t (cpm/ul), and exposure time is measured by the term 
[fh Cp(x) dxyCpt (Blasberg et aL, 1983; Patlak et aL, 1983). 

The Ki values were compared by analysis of variance (ANOVA) to 
determine whether there were differences within groups. This was 
followed by a Newman-Keuls post-hoc test to determine which values 
within a group differed. The standard deviation of the mean for the 
slope was taken as the standard error of the mean and, because two 
means (the slope and the intercept) were calculated from the data, n~ \ 
was used as the n value in the ANOVA and range tests. Statistically 
significant differences among groups were determined with the aid of 
the GraphPad Prism statistical program (Banks et aL, 2003). 

For in situ brain perfusion, the descending aorta was clamped and 
bilateral jugular veins were severed. After a minute of perfusion with 
oxygenated, modified Zlokovic's buffer (ZIokovic et aL, 1990; Pan et 
aL, 1998), the mouse received [ l25 I]~RAP and [ 99rn Tc]-albumin (0.5- 
1 u.Ci/ml each) at a perfusion rate of 2 ml /minute for designated times 
between 1 and 10 minutes. Mice were then perfused with buffer alone 
for another minute before decapitation. In some experiments, [ !25 I]- 
transferrin and [ i25 I]-melanotransferrin were studied under conditions 
identical to [ !25 1]-RAP. 

Degradation assays 

Acid precipitation was performed with the stock solution, perfusion 
buffer, serum and tissue homogenates. Brain and peripheral tissue 
were homogenized in I ml phosphate-buffered saline containing a 
protease inhibitor cocktail. The supernatant was precipitated with an 
equal volume of 30% trichloroacetic acid. Control samples to assess 
ex vivo degradation of radioactively labeled compounds during 
processing were prepared simultaneously by direct addition of [ l25 I]~ 
RAP to the test tubes. 



In vitro transport assays 

Stably transfected MDCK cells and their control were originally 
obtained from Maria Paz Marzolo (Catholic University, Chile). The 
LRP1 mini-receptor constructs contain the fourth Hgand-binding 
domain of human LRP1, followed by the transmembrane domain and 
either the complete cytosolic tail of LRPI (mLRP/LRPTmT=LRPt) 
or the complete cytoplasmic tail of megalin (mLRP/LRPTmMegT- 
MEGt). The LRPt is distributed basofaterally as shown by indirect 
immunofluorescence with an anti-HA antibody, and MEGt localizes to 
the apical surface of the transfected MDCK cells (Marzolo et aL, 2003). 
These cells were plated on the surface of poly acetate membrane inserts 
of the Transwell system (Costar, Cambridge, MA) with a uniform pore 
size of 0.4 Urn. Cells were seeded at a density of 2x1 0 5 cells/ml and 
cultured in DM EM supplemented with 10% FBS. Medium was 
exchanged every three days. The cells were kept in a 5% C0 2 incubator 
at 37°C. Transcytosis studies were performed in triplicate for either 
apical-to-basolateral or basolateral-to-apical transport, with or without 
inclusion of 2 U.g/ml of excess unlabeled RAP. 
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Twenty minutes before the transport assay, the Transweli insert and 
its supporting endothelial eeil monolayer were equilibrated in the 
transport buffer (Hank's balanced salt solution with 25 mM MEPES 
and 0.1% albumin) at 37°C. Transport was initiated by addition of 
[ ,25 I]-RAP ( 1 uCi/ml) and f 99m Tc]-albumin (2 pXi/mi) to the donor 
(upper or lower) chamber at time zero. The plate was kept at 37°C 
with gentle mixing at about 130 rpm during the entire procedure. At 
5, 10, 15, 20, 30, 40, 50 and 60 minutes, a 10 pj aliquot of sample 
was collected from the acceptor (lower or upper) chamber of each 
well. At 60 minutes, solutions in both chambers were transferred to 
separate test tubes at 4°C. The radioactivity of [ i25 I]-RAP and [ Q9m Tc]- 
albumin was measured simultaneously in a y-counter with a dual- 
channel program. The amount of intact [ i25 l]-RAP and [ 99m Tc]- 
albumin after transport was measured by acid precipitation. HPLC 
analysis was performed on selected samples, with a linear gradient of 
10-90% acetonitrile in 0.1% trifluoroacetic acid over 40 minutes with 
1 ml fractions collected. 

To determine the flux transfer constant, a linear regression analysis 
was performed for the acceptor/donor ratio of radioactivity 
(mean=s.e.rn.) and time of transport by use of the GraphPad Prism 
program. The slope of the regression line represents the permeability- 
surface area product (PS, in cnrVsecond). The permeability coefficient 
P was obtained by dividing the PS product by the filter surface area 
(1 cm 2 in the 12-well insert) and expressed in cm/second. The 
permeability coefficients among groups were compared. 

All in vitro experiments were performed in triplicate. Group 
designs of the experiments are described in detail in the Results 
section. For experiments with repeated acquisition of data, statistical 
analysis was performed by use of SPSS with one-way ANOVA 
followed by Tukey's post-hoc test For comparison of linear regression 
lines, analysis of covariance was performed with the aid of GraphPad 
Prism software. 

Results 

Fate of [ 125 I]-RAP after intravenous bolus delivery to 
mice 

Chromatography was performed on both serum and brain 
homogenates from mice 30 minutes after intravenous injection 
of [ i25 I]-RAP and compared with that of the stock solution and 
of processing controls in which [ i25 I]-RAP was directly added 
to the test tubes containing whole blood and brain. In the 
processing controls, 75% of radioactivity in blood and 57% of 
radioactivity in brain represented intact [ !25 I]-RAP. After 



correction for the ex vivo degradation in the processing 
controls, 100% of radioactivity- in blood and 63% of 
radioactivity in the brain was accounted for by intact [ i25 I]- 
RAR 

To determine the influx transfer constant of [ !25 I]-RAP after 
an iv bolus injection, four groups of mice were studied 
simultaneously. The amount of [ 125 I]~RAP differed in the 
groups: 0.3, 0.6, 1.2, and 2.4 fiCi/rnouse, respectively. In each 
group, blood, brain, liver, kidney and muscle samples from 
eight mice were obtained at 1 , 2, 5, 7, 10, 1 5, 20 and 30 minutes 
after injection (each mouse represented one time point). 
Disappearance of serum radioactivity fitted a one-phase 
exponential decay model and was not significantly different 
among the four groups. The mean serum half-life of RAP was 
L5±0.1 minutes (Fig. I). In the kidney and liver, uptake of 
[ I25 I]-RAP had a rapid distribution phase peaking at about 12 
and 17 minutes, respectively, followed by a slower distribution 
phase. In the gluteus major muscle, the linear transfer constant 
was similar among groups with a mean of 3A±0.2 uJ/g-minute. 
In the brain, the linear influx transfer constant was not 
significantly different among groups and had a mean of 0.6±0. 1 
ul/g-minute (Fig. 2). The amount of [ l25 I]-RAP in the brain at 
30 minutes was 1%/g brain of the total [ 125 I]~RAP delivered 
intravenously at 0.3 jxCi/mouse. This, however, was reduced to 
0.5% in groups receiving 0.6, 1.2, and 2.4 jiCi/mouse of [ ,25 I]- 
RAP without additional unlabeled RAP, suggesting possible 
saturability of the blood-brain transfer. In all groups, the 
vascular marker [ 99m Tc]-albumin did not have significant entry. 
The results indicate that despite the first-pass effect and 
metabolism in the liver and kidneys, intact RAP had linear 
influx to a third peripheral organ (muscle) and also across the 
BBB to the brain. 



Interactions of RAP with peripheral blood before 
reaching the BBB 

Excess non-radioactively labeled RAP, when injected 
intravenously with [ l25 I]-RAP, did not significantly decrease 
the influx transfer constant of [ l25 I]-RAP but rather enhanced 
it. However, 25 minutes after intravenous injection, the 
percentage of brain uptake of the injected dose of [ ,25 T]-RAP 
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Fig. 1. Serum disappearance pattern of receptor- 
associated protein (RAP). The four groups represent 
different doses of [ l25 I]-RAP delivered intravenously 
in a bolus at time zero. In each group, different mice 
were studied at various time points, and the serum 
decay pattern was used to calculate exposure time, the 
theoretical steady-state time for the integral of serum 
radioactivity. 
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was decreased from 0.9%/g brain to 0.4% and 0.2% in mice 
receiving 5 fig/mouse and 200 jig/mouse of excess unlabeled 
RAP, respectively. This again suggested the possible presence 
of a saturable transport system at the BBB. The lack of a 
significant decrease of the influx transfer constant in the groups 
receiving excess RAP may be explained by peripheral binding, 
although preliminary studies with capillary electrophoresis did 
not show high-affinity binding of RAP with serum proteins. 
Nonetheless, RAP does have potential binding to blood cells 
and undergoes clearance by the liver and kidney (Warshawsky 
et aL, 1993). Regardless, the degradation and kinetic transfer 
studies indicate that most [ 5 25 T]~RAP in the circulation is 
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Fig. 2, The blood-to-brain transfer of [ 525 J]-RAP had a linear regression 
correlation with study time for each of the four groups as in Fig. I, in which 
different amounts of radioactiv ity were administered to the mice. 
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Fig. 3. In situ brain perfusion of [ !25 !]-RAP , [ l25 I]-meIanotransfenin and 
[ 99m Tc]-albumin. [ l 25 1 J- RAP had a higher influx transfer constant into the 
mouse brain when compared with that of [ l25 I]-melanotransferrin and the 
paracellular permeability marker [ 99m Tc]-albumin. 



available to interact with the BBB before being degraded in the 
periphery. 



Influx of [ 125 i]-RAP after in situ brain perfusion 
To determine the direct interactions of RAP with the BBB, we 
used a blood-free perfusion system. The influx transfer constant 
of [ j25 I]-RAP, determined from mice studied during I - 1 0 
minutes of in situ brain perfusion was 6.2±1.3 pj/g-minute. 
By contrast, there was no significant influx of [ !25 I]~ 
melanotransferrin or [^Tcj-albumin in the same study (Fig. 3). 
The influx of [ l25 I]-RAP into the right hyoglossus muscle 
was measured simultaneously during in situ brain 
perfusion as a positive control. The value was 
10.8±l.8 ul/g-minute. By contrast, the influx rate of 
99m Tc-aIbumin to the same muscle was 2.7±1.5 \i\/g- 
minute, whereas [ 125 I]-melanotransferrin had no 
significant influx (Fig. 4). 

In addition to the comparison of RAP with 
melanotransferrin, transferrin was also studied in 
separate experiments. During a perfusion period of 1 - 
5 minutes, [ l25 l]-RAP entered both cortical and 
subcortical areas significantly faster than [ 125 I]- 
transferrin (Fig. 5). 

The compartmental distribution of [ 125 I]-RAP after 
in situ brain perfusion was determined by capillary 
depletion studies. After 5 minutes of in situ perfusion, 
the amount of radioactivity in the brain parenchyma 
was significantly higher than in the vasculature. As 
shown in Fig. 6, more than 70% of [ 125 I]-RAP that had 
reached the brain compartment was present in the 
parenchyma. Moreover, addition of 5 tig/mouse of 
excess unlabeled RAP decreased the uptake of [ I25 I]- 
RAP in parenchyma significantly [F(l,9>=5.7, 
P<0.05] without affecting that in the capillary fraction. 
This indicates the presence of a saturable transport 
system for RAP at the BBB. The uptake of [ 99m Tc]- 
albumin was significantly lower in brain parenchyma 
than that of [ l2 T]-RAP and was not decreased in the 
presence of excess non-radioactively labeled RAP. 
Collectively, these results indicate that the uptake of 
[ I2 ~I]-RAP into brain parenchyma was a saturable 
process. 



Degradation of [ 125 i]-RAP after intravenous 
injection and in situ brain perfusion 
Acid precipitation of the supernatant of the brain 
homogenate, corrected for ex vivo degradation, 
showed that intact [ I25 I]-RAP accounted for 72%, 
73%, and 61% of the radioactivity in the brain at 2, 
10 and 30 minutes after intravenous injection, 
respectively. This is consistent with HPLC results. 
Similarly, intact [ 125 1]-RAP accounted for 89% and 
88% of total radioactivity at 1 and 10 minutes after in 
situ brain perfusion, respectively. Because of the lack 
of substantial degradation of [ 125 I]-RAP in either 
blood or perfusion buffer during the multiple-time 
regression study, the influx transfer constants 
measured probably reflect entry of [ !25 I]-RAP rather 
than free iodine or RAP degradation products. 
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Involvement of megalin in the transcytosis of [ 125 I]-RAP 
To identify the receptor system responsible for delivering RAP 
across the BBB, apical-to-basolaterai and basolateral-to-apical 
transport of [ l25 I]-RAP was studied in three types of MDCK 
cells: (a) non-transfected MDCK cells; (b) MDCK cells stably 
transfected with an LRP domain IV mini-receptor (LRPt); and 
(c) MDCK cells stably transfected with a chimeric mini- 
receptor consisting of LRP1 extracellular domain IV and the 
megalin tail (MEGt). Our previous studies have shown 
that LRPt mimics the endogenous LRP and distributes 
baso laterally, MEGt however, resembles endogenous 
megalin and localizes to the apical membrane (Marzolo 
et ah, 2003). The transepithelial electrical resistance 
(TEER) of the confluent monolayer, an indicator of 
the tightness of the barrier, was 757±35 Q cm 2 
(meamfcs.e.m.) for native MDCK, 364±22 Q. cm 2 for a 
LRPt transfected MDCK, and 370±29 Q. cm 2 for MEGt 
transfected MDCK. 

The transcytosis assays were initiated by 
simultaneous addition of [ l25 I]~RAP and the 
paracellular permeability marker [ 99m Tc]-albumin at 
time zero. At the end of the study (60 minutes), intact 
[ l25 l]~RAP accounted for 99% of the acid precipitable 
radioactivity in the donor chamber and 91% of that in 
the acceptor chamber. This indicates that the majority 
of radioactivity measured represented intact [ I25 I]~RAP. 
Extension of the study period to 120 minutes did not 
change the percentage of intact [ }25 I]-RAP or the flux 
rate. For apical-to-basolateral flux in non-transfected 
MDCK cells, the permeability coefficient of [ ,25 I]-RAP 
after transport for 60 minutes was 5.1±0.8xl0 6 cm/ 
second. This is probably explained by low-level 
expression of native megalin by MDCK. By contrast, in 
MDCK cells transfected with MEGt, the permeability 
coefficient of [ !25 l]-RAP was increased to 
18.1±1.2xl0 6 cm/second, significantly higher than the 
control [F(\,\ 1>=77.9, P<0.001]. No' significant flux 
was observed in MDCK cells transfected with LRPt, 
consistent with the basolateral localization pattern of 
this receptor (Fig. 7). In all groups, [ 99rn Tc]-albumin had 
no significant flux. 

Addition of excess non-radioactively labeled RAP 
at 2 ug/ml significantly decreased the permeability 
coefficient of [ l25 l]-RAP in MEGt-transfected cells 
(6.3±0.4xl0 6 cm/second) [F(l,12)=86.1, /><0.0001]. 
Whereas the non-transfected cells had no significant 
flux after addition of excess RAP, the difference 
between the groups with and without excess RAP was 
also statistically significant [F(l,ll)=24, /^O.OOOS]. 
Thus, the results support the presence of a saturable 
transport system for RAP at the apical surface and the 
essential role of megalin in the transport process. 

For basolateral-to-apical flux, the transport of [ !25 I]- 
RAP in all three groups was not significantly higher 
than that of [ 99m Tc]-albumin, the marker of paracellular 
permeability. For MDCK cells stably transfected with 
MEGt, the apical-to-basolateral permeability coefficient 
of [ 125 I]-RAP was 460 times higher than the basolateral- 
to-apical permeability coefficient (Fig. 8). Taken 
together, these results support megal in-mediated 
transcytosis of RAP. 



LRPt- transfected cells had lower flux transfer constants in 
both apical-to-basolateral and basolateral-to-apical directions 
than the non-transfected MDCK cells. It is possible that 
whereas LRP1 is universally expressed in the native cells, 
overexpression of LRPt interferes with RAP endocytosis. 
Therefore, our finding of megalin-mediated transcytosis does 
not exclude the possibility of co-existing LRP 1 -mediated 
transport in either direction. 



,J5 i-RAP, Ki = 10.82 ±1.75 nl/g-min 
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Fig. 4. Hyoglossus muscle was used as a positive control to determine the 
influx transfer constant of [ l25 I]~RAP during in situ brain perfusion. The value 
was higher for [ l25 I]~RAP when compared with that of [ ,25 I]- 
melanotransferrin and the paracellular permeability marker [ 99in Tc]-albumm. 



Subcortical ,25 l-RAP, Ki » 1.01 ± 0.07 fii/g-min 
Cortical ,a J-RAP, Ki = 0 91 ± 0 23 nl/o-min 
Subcortical '^transferrin, Ki = 0 20 ± 0.20 
Cortical '^transferrin, Ki = 0 64 ± 0.17 pl/g-min 
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Fig. 5. In situ brain perfusion of [ l25 I]-RAP and [ 125 I]-transtcrrin. [ ,25 I] ratio 
in brain and perfusate were measured over 5 minutes. RAP had greater 
permeability across the blood-brain barrier into both cortical and subcortical 
areas than transferrin. 
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Fig. 6. The uptake of [ S25 I]-RAP by brain parenchyma was greater 
than that in the capillaries and that of [ 99m Tc J-albumin, and was 
inhibited by excess RAP. This indicates the presence of a saturable 
transport system. ^Significant difference (/><0.05) in reactivity ratio 
between parenchymal [ !;:5 I]-RAP and inhibited [ l25 I]-RAP groups. 



Discussion 

The identification of a substantial brain influx constant for RAP 
and the identification of a saturable RAP transport system at 
the BBB are potentially significant for the treatment of a 
variety of neurological disorders. Not only may attachment of 
therapeutic proteins to RAP facilitate their entry into the brain, 
but also delivery of RAP to the brain might be beneficial by 
itself. RAP has been shown to rescue neurodegeneration when 
infused into the lateral ventricle of the brain along with apoE3 
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Fig. 7. Basolateral-to-apical [ 125 I]-RAP ratio overtime in rnegalin (MEGt) and LDL 
receptor-related protein (LRPt) transfected MDCK cells and control MDCK cells. 
Although non-transfected MDCK cells had a basal, saturable apical-to-basolateral 
flux of [ i2 -I]~RAP, overexpression of the chimeric receptor containing the 
cytoplasmic tail of rnegalin significantly enhanced this flux, which remained 
saturable. 



(Veinbergs et al., 2001) and plays an important role in blocking 
the tPA-induced disruption of the BBB (Yepes et aL 2003). 
RAP has a higher influx transfer constant into the brain than 
most of the cytokines and neurotrophins that we have studied, 
and its high percent uptake per gram of brain tissue indicates 
the presence of an efficient transport system (Pan et al., 1997; 
Pan et al., 1998; Pan et al., 2000; Pan and Kastin, 2003). 

fn order to assess the feasibility of RAP delivery from the 
periphery to the brain, we first determined its fate after 
intravenous injection. The relative stability of [ i25 I]-RAP 
within the study period indicates that the brain/blood ratios of 
radioactivity reflect intact RAP in tissue samples, and that there 
is a sufficient window of time for RAP to interact with the 
BBB. 

At 30 minutes after intravenous bolus delivery, about 0.1% 
of [ 125 I]-RAP was able to enter a gram of brain. Moreover, this 
uptake was decreased to half its value when excess RAP was 
added to the injection. This suggests the presence of a saturable 
transport system at the BBB. To further test the possibility 
of saturable transport, we co-administered excess non- 
radioactive^ RAP with [ 125 I]-RAP in a blood- free perfusion 
system. In situ brain perfusion, although less physiological 
than intravenous injection, avoids confounding factors like 
peripheral binding of RAP to heparin sulfate proteoglycans 
(Berryman and Bensadoun, 1995; Melman et al., 2001), LRPl, 
and rnegalin, especially in the liver and kidney (Warshawsky 
et al., 1993). Although we did not detect a decrease of the 
[ i25 I]-RAP influx transfer constant by excess unlabeled RAP 
in the intravenous studies, the self-inhibition characteristic of 
a specific saturable transport system was evident during in situ 
perfusion. This is similar to the finding with insulin-like growth 
factor 1 (IGF-1) (Pan and Kastin, 2000). where a saturable 
transport system occurs during in situ brain perfusion despite 
the observation that excess unlabeled IGF-1 paradoxically 
increases the influx of [ 125 1]-IGF-1 after 
intravenous administration. Furthermore, entry of 
[ l25 I]-RAP into brain parenchyma was confirmed 
by capillary depletion analyses, indicating that 
RAP, unlike transforming growth factor P, which 
also has a high apparent influx transfer constant 
(Pan et aL, 1999), does not merely associate with 
the cerebral vasculature but crosses the BBB 
completely. 

Transferrin receptors are highly expressed on 
endothelial cells, and molecules targeted at the 
transferrin receptor (such as OX-26 antibody) 
have been designed as delivery vehicles to bring 
peptide and protein ligands into the brain. 
Therefore, we used transferrin and its related 
ligand melanotransferrin as positive controls for 
blood-to-brain transfer (Skarlatos et al., 1995; 
Demeule et al., 2002). fn both in vivo and in vitro 
situations, BBB permeability appeared higher 
for RAP than for either transferrin or 
melanotransferrin. This indicates that RAP is a 
promising vehicle for efficient delivery across the 
BBB. 

One of the RAP receptors, LRPl, is 
abundantly expressed in brain microvessels in 
young mice (Shibata et ah, 2000). Although 
rnegalin has a more restricted distribution 
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Fig. 8. Apical-to-basolateral [ l25 I]~RAP ratio overtime in megafin (MEGt) and 
LDL receptor-related protein (LRPt) transfected MDCK ceils and control 
MDCK cells. Basolateral-to-apicai efflux of l25 I-RAP was significantly lower 
than the influx and further reduced by stable transfection of LRPt or MEGt. 



(Kounnas et a!., 1994; Zheng et al., 1994), it is expressed in 
brain microvessels and the choroid plexus (Chun et aL, 1999). 
Megalin plays an important role in forebrain development 
(Wilnow et al., 1 996) and is probably the receptor that mediates 
the transport of apoJ/amyloid P protein across the BBB and 
blood-cerebrospinal fluid barrier (Zlokovic et al., 1996). The 
important role of LRP1 in the efflux transport of amyloid p 
protein (Shibata et aL, 2000) supports its basoJateral 
localization and therefore LRP1 is probably not essential for 
blood-to-brain transport of RAP, whereas megalin is apically 
expressed and might be directly responsible for RAP transport 
at the BBB. 

To test this possibility, we studied the kinetics of transcytosis 
in MEGt transfected MDCK cells. MDCK cells polarize and 
form tight junctions when cultured in Transwell inserts and 
have been used as an in vitro model of the BBB for drug 
screening (Irvine et aL, 1999; Vilhardt et aL, 1999; Zhang et 
aL, 2002). As members of the RAP-binding LDL receptor 
family are large transmembrane proteins (Li et aL, 2001a), 
functional analysis has been accomplished by domain 
reconstruction and studies of mini-receptors. In the transfected 
MDCK cells used for this study, the LRP mini-receptor (LRPt) 
is sorted basolaterally because of the NPTY motif in its 
cytoplasmic domain (Marzolo et aL, 2003). Our previous 
studies have shown that the megalin cytoplasmic tail (MEGt) 
directs apical sorting. Thus, the polarized localization of the 
two mini-receptors in MDCK cells in vitro is identical to that 
occurring in vivo. Our results here show that megalin is mainly 
responsible for the apical-to-basolateral transport of RAP. 

Basolateral-to-apical flux in vitro represents brain-to-blood 
efflux out of the brain in vivo. The basolateral-to-apical flux of 
[ I25 I]-RAP, even in the presence of LRPt, was significantly 
lower than that in control non-transfected cells. This indicates 
that neither overexpressed megalin nor LRPt mini-receptors is 
involved in basolateral-to-apical transport. It is possible that 



the transfected MDCK cells had reduced expression 
of endogenous LRP I that was responsible for 
significant efflux of RAP in the control cells. 

Published results with intracellular trafficking of 
RAP show its dissociation from megalin (Czekay et 
aL, 1997) or LRP1 (Bu et aL, 1995) at low pH 
accompanied by receptor recycling. However, the 
RAP/megalin complex is more stable than other LRP 
complexes. It remains together as far as the late 
endosome whereas the lipoprotein lipase/megalin 
complex only lasts as far as the early endosome. 
Thus, a significant amount of RAP may escape 
intracellular degradation and undergo complete 
transcytosis in polarized epithelial/endothelial cells. 
The lack of significant degradation in the donor 
chambers in all our study groups indicates that the 
radioactivity measured represents actual transfer of 
RAP across the cell barrier rather than endocytosis 
and degradation. This is supported by the high TEER 
and the minimal transfer of the paracellular 
permeation marker albumin. Therefore, RAP has 
saturable, receptor- mediated apical-to-basolateral 
transport in MEGt-transfected MDCK cells. 

In summary, RAP crosses the BBB by an efficient, 
saturable transport system probably mediated by 
megalin. In this process, RAP enters the brain 
parenchyma intact. Identification of a specific transport system 
for RAP at the BBB indicates the potential for RAP-mediated 
delivery of therapeutic peptides and proteins from blood to brain. 
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Elimination of amyloid-P peptide (Ap) from the brain is poorly understood. After intracerebral 
microinjections in young mice, i25 I-Api. 4 o was rapidly removed from the brain (t l/2 < 25 minutes), 
mainly by vascular transport across the blood-brain barrier (BBB). The efflux transport system for 
AP!. 4 o at the BBB was half saturated at 15.3 nM, and the maximal transport capacity was reached 
between 70 nM and 100 nM. A(3i. 4 o clearance was substantially inhibited by the receptor-associated 
protein, and by antibodies against LDL receptor-related protein-1 (LRP-1) and a 2 -macrogIobulin 
(ct 2 M). As compared to adult wild-type mice, clearance was significantly reduced in young and old 
apolipoprotein E (apoE) knockout mice, and in old wild-type mice. There was no evidence that Ap 
was metabolized in brain interstitial fluid and degraded to smaller peptide fragments and amino 
acids before its transport across the BBB into the circulation. LRP-1, although abundant in brain 
microvessels in young mice, was downregulated in older animals, and this downregulation corre- 
lated with regional Ap accumulation in brains of Alzheimer's disease (AD) patients. We conclude 
that the BBB removes Ap from the brain largely via age-dependent, LRP-1 -mediated transport that 
is influenced by a 2 M and/or apoE, and may be impaired in AD. 

/. Clin. Invest. 106:1489 -1499 (2000). 



Introduction 

Deposition of amyloid-p peptide (Ap) in the brain 
occurs during normal aging and is accelerated in 
patients with Alzheimer's disease (AD). Ap is central to 
the pathology of AD, and is the main constituent of 
brain parenchymal and vascular amyloid (1-6). Ap 
extracted from senile plaques contains mainly Api.40 
and Api.42 (7), whereas vascular amyloid is predomi- 
nantly Api.39 and Apj.40 (8). Several sequences of Ap 
were found in both lesions (9-11). A major soluble 
form of Ap, which is present in the blood, cere- 
brospinal fluid (CSF) (12-14), and brain (15-16) is 
Api_4(). In the circulation, CSF, and brain interstitial 
fluid (ISF), soluble Ap may exist as a free peptide or be 
associated with different transport binding proteins 
such as apolipoproteinsj (apoj) (17-18) and E (apoE) 
(19), transthyretin (20), lipoproteins (21), albumin 
(22), and Gb-macroglobulin (a 2 M) (23). 



The neuronal theory argues that soluble brain- 
derived AP is a precursor of Ap deposits. Neuronal cells 
secrete AP in culture (24), which supports this view. An 
increase in soluble AP in AD and Down syndrome 
brains precedes amyloid plaque formation (15, 25, 26) 
and correlates with the development of vascular 
pathology (27). Several cytosolic proteases that may 
degrade intracellular Ap in vitro cannot degrade extra- 
cellular Ap from brain ISF (28) or CSF (29) in vivo. An 
exception to this is enkephalinase, which may degrade 
APj.42 from brain ISF (28). However, the physiological 
importance of this degradation in vivo remains unclear, 
because the peptide was studied at extremely high 
pharmacological concentrations (30). 

It has been suggested that decreased clearance of Ap 
from brain and CSF is the main cause of Ap accumula- 
tion in sporadic AD (31). Because Ap is continuously 
produced in the brain, we hypothesized that an effi- 
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cient clearance mechanism or mechanisms must exist 
at the blood-brain barrier (BBB) to prevent its accu- 
mulation and subsequent aggregation in the brain. 
Cell-surface receptors such as the receptor for advanced 
glycation end products (RAGE) (32-33), scavenger 
receptor type A (SR-A) (34), LDL receptor-related pro- 
tein- 1 (LRP-1) (35-38), and LRP-2 (39) bind A£ at low 
(nanomolar) concentrations as free peptide (RAGE, SR~ 
A) and/or in complex with C^M, apoE, or apoj (LRP-1, 
LRP-2). RAGE and SR-A regulate brain endothelial 
endocytosis and transcytosis of A(3 that is initiated at 
the luminal side of the BBB (33), whereas LRP-2 medi- 
ates BBB transport of plasma Ap complexed to apoj 
(39). The role of vascular receptors and BBB transport 
in the removal of brain-derived A(3 is unknown. 

In this study, we developed a brain tissue clearance 
technique in mice based on a model used previously in 
the rabbit (40). This technique was used to determine 
in vivo the efflux rates of Api- 4 o from the CNS as a func- 
tion of time and concentration of peptide, and to char- 
acterize vascular transport and/or any receptor-medi- 
ated efflux mechanisms involved in elimination of 
brain -derived Ap across the BBB. The study focused on 
LRP-1 and its ligands, a 2 M and apoE, first because they 
promote Ap clearance in smooth muscle cells (35), neu- 
rons (36, 38), and fibroblasts (37); and second, because 
apoE4 is a definite risk factor, and a?M is a possible 
risk factor for AD (41-42). 

Methods 

Synthetic peptide and radioiodination . Peptide DAEFRHDS- 
GYEVH H Q K LVFFA E D VG SN KG AUG LMVGG W (Ap,. 40 ) 
homologous to residues 672-71 1 of AP-precursor pro- 
tein 770 was synthesized at the W.M. Keck Facility at Yale 
University using iV-r-butyloxycarbonyl chemistry. The 
peptide was purified by HPLC Aliquots of the final prod- 
ucts were Iyophilized and stored at -20 °C until use. 
Radioiodination was carried out with Na 125 I and 
IodoBeads (Pierce Chemical Co., Rockford, Illinois, USA), 
and the resulting components were resolved by HPLC 
(39). Aliquots of radiolabeled Ap!.4o were kept at -20° C 
for a maximum of 4 weeks before use. The HPLC analy- 
sis confirmed chat more than 99% of radioactivity was 
present in the form of nonoxidized monomeric peptide. 

Brain clearance model in mice. Experiments were per- 
formed on male C57BL/6 wild-type mice, 8-10 weeks 
old and 9- 1 0 months old, and on male apoE knockout 
(apoE KO) mice on a C57BL/6 background (Taconic 
Farms, Germantown, New York, USA) that were also 
8-10 weeks old and 9-10 months old. CNS clearance of 
radiolabeled Api. 4 o and the inert polar marker inulin 
was determined as described below (40, 43). 

A stainless steel guide cannula was implanted stereo- 
taxically into the right caudate nucleus of mice anes- 
thetized with 60 mg/kg intraperitoneal sodium pento- 
barbital). Coordinates for the tip of the cannula were 0.9 
mm anterior and 1.9 mm lateral to bregma, and 2.9 mm 
below the surface of the brain. The guide cannula and 
screw were fixed to the skull with methyimethacrylate 



(Plastics One Inc., Roanoke, Virginia, USA), and a stylet 
was introduced into the guide cannula. Animals were 
observed for 1 week before radiotracer studies. 

For radioisotope injection, animals were reanes- 
thetized, and an injector cannula (Plastics One Inc.) 
was attached to a 10-^ll gas-tight microsyringe (Hamil- 
ton Co., Reno, Nevada, USA) using 24-gauge Teflon 
tubing (Small Parts Inc., Miami Lake, Florida, USA). 
The amount of injected tracer was determined accu- 
rately using a micrometer to measure linear displace- 
ment of the syringe plunger in the precalibrated 
microsyringe. Tracer fluid (0.5 Jul) containing 125 l-Api_ 
40 at concentrations varying from 0.05 nM to 120 nM 
was injected over a period of 5 minutes, along with 
[ I4 C]inuiin. When the effect of different molecular 
reagents was tested, those were injected simultaneous- 
ly with the radiolabeled peptides. 

Time response was studied with 12S I-APi. 40 from 10 
minutes to 300 minutes; dose-dependent effects were 
determined at 30 minutes. The effects of different 
molecular reagents that may potentially inhibit 12S I- 
APi.40 clearance were studied at 30 minutes. Among the 
reagents studied was the rabbit anti-human LRP-1 Ab 
designated R777, which was affinity purified on a 
Sepharose~LRP-l heavy-chain column as described 
(44). R777 immunoprecipitates mouse LRP-1, as we 
described (44), and blocks LRP-1 -mediated uptake of 
amyloid p precursor protein (APP) and throm- 
bospondin in murine fibroblasts (45, 46). Another 
studied reagent that may inhibit 525 I-Ap i . 4 o clearance is 
receptor-associated protein (RAP; kindly provided by 
G. Bu, Washington University). We also studied the rab- 
bit anti-mouse a 2 M Ab designated YNRMA2M, which 
is specific for mouse a 2 M as demonstrated by radial 
immunodiffusion and immunoelectrophoresis (Accu- 
rate Chemical 6c Scientific Corp., Westbury, New York, 
USA); a rabbit anti-rat gp330 affinity-purified IgG des- 
ignated Rb6286, which crossreacts with mouse LRP-2 
as reported (47) (kindly provided by Scott Argraves, 
University of South Carolina Jvledicai School, 
Charleston, South Carolina, USA); a rabbit anti-human 
RAGE Ab that crossreacts with mouse RAGE (32) 
(kindly provided by D. Stern, Columbia University, 
New York, New York, USA), and fucoidin (Sigma 
Chemical Co., St. Louis, Missouri, USA). 

Tissue sampling and radioactivity analysis. Brain, blood, 
and CSF were sampled and prepared for radioactivity 
analysis. Degradation of ,25 I-Api ^> was initially studied 
by trichloroacetic acid (TCA) precipitation assay. Pre- 
vious studies with I25 I-AP]. 4 o demonstrated an excellent 
correlation between TCA and HPLC methods (33, 
48-51). Brain, plasma, and CSF samples were mixed 
with TCA (final concentration 10%) and centnfuged at 
24,840 g at 4°C for 8-10 minutes. Radioactivity in the 
precipitate, water, and chloroform fractions was deter- 
mined in a gamma counter (Wallac Finland Oy, Turku, 
Finland). The i25 I-Api 4 o injected into the brain was 
more than 97% intact, according to TCA analysis. 
Degradation of l25 I-Api. 4 o in the brain was further 
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studied by HPLC and SDS-PAGE analysis. After 
intracerebral injections of ,2S I-Api.40, brain tissue was 
homogenized in PBS containing protease inhibitors 
(0.5 mM phenylmethylsulfonyl fluoride, 1 M-g/ml leu- 
peptin, and 1 mM /?-aminobenzamidme), and then 
centnfuged at 1 00,000 g for 1 hour at 4°C The super- 
natant was then lyophilized. The resulting material 
was dissolved in 0.005% trifluoroacetic acid (TFA) in 
water at pH 2 before injection onto a Vydac C4 column 
(The Separations Group, Hesperia, California, USA). 
The separation was achieved with a 30-minuce linear 
gradient of 25-83% acetonitrile in 0.1% TFA at a flow 
rate of 1 ml/min, as we have described (51). Under 
these conditions, the Api. 4 (> standard eluted at 14.5 
minutes. Column eluants were monitored at 214 nm. 
The eluted fractions were collected and counted. The 
5 25 I-A(3i.4o injected into the brain was greater than 97% 
intact according to HPLC analysis, confirming the 
results of TCA analysis. 

For SDS-PAGE analysts, TCA-precipitated samples 
were resuspended in 1% SDS, vortexed, and incubat- 
ed at 55 °C for 5 minutes. Samples were then neutral- 
ized, boiled for 3 minutes, homogenized, and ana- 
lyzed by electrophoresis in 10% Tris-tricine gels, 
followed by fluorography. Lyophilized HPLC frac- 
tions were resuspended in sample buffer, neutralized, 
boiled, and electrophoresed as we have reported (39). 

Calculations of clearance rates. The analysis of curves of 
radioactivity disappearance from the brain was as report- 
ed (40, 43). The percentage of radioactivity remaining in 
the brain after microinjection was determined as 

(Equation 1 ) % Recovery in brain = 1 00 x (N^/U) 
where is the radioactivity remaining in the brain at 
the end of the experiment, and JV; is the radioactivity 
injected into the brain. 

In all calculations, the dpm values for [ }4 C]inulin and 
the cpm values for TCA-precipitable l25 I radioactivity 
were used. Inuiin was studied as a metabolically inert 
polar reference marker that is neither transported 
across the BBB nor retained by the brain (40); its clear- 
ance rate, k mn]iny provides a measure of the ISF bulk 
flow and is calculated as 

(Equation 2) ^W'W, = exp^* X 0 

In the case of Aj3, there are two possible physiological 
pathways of elimination: direct transport across the 
BBB into the bloodstream, and elimination via ISF 
bulk flow into the CSF and cervical lymphatics. It is 
also possible that A(3 is retained within the brain by 
binding to its cell-surface receptors directly as a free 
peptide, and/or by binding to different transport pro- 
teins. Thus, according to the model, the fraction of A(3 
remaining in the brain can be expressed as 

(Equation 3) WVi* - (*i 

where a\ - k 2 f(k\ + k 2 ) and a 2 - k\/(k y + k 2 ), and ki and k 2 
denote the fractional coefficients of total efflux from 
the brain and retention within the brain, respectively. 



The fractional rate constant of A|3 efflux across the 
BBB from brain parenchyma can be calculated by 
knowing the fractional rate coefficient of total efflux 
of A(3 and inuiin as 

(Equation 4) ^3 = *i ~ ^{inu«n} 

i.e., as the difference between the fractional rate con- 
stant for total efflux of Apand the fractional rate con- 
stant of inuiin. The half-saturation concentration for 
the elimination of Ap via transport across the BBB, ky 2i 
was calculated from the equation 

(Equation 5) C 1 ~ WW * 100 = CU*w + >M> 
where C/ max represents the maximal efflux capacity for 
the saturable component of Ap clearance across the 
BBB, corrected for peptide clearance by the ISF flow. 
C/ max is expressed as a percentage of the injected dose, 
[1 - (JVb/ Ni)] x 100, cleared from brain by saturable 
BBB transport over 30 minutes. 

The MLAB mathematical modeling system (Civi- 
lized Software Inc., Silver Spring, Maryland, USA) was 
used ro fit the compartmental model to the disap- 
pearance curves or percent recovery data with inverse 
square weight. 

Immunocytochemical analysis in mice. Expression of 
LRP-1 and a 2 M in mouse brain was studied by 
immunohistochemical analysis. Fresh-frozen, acetone- 
fixed brain sections of 2-month-oId and 9-month-old 
wild-type and apoE KO mice were stained using anti- 
human LRP R777 Ab that crossreacts with mouse LRP- 
1 (44-46) (1.5 mg/ml; 1:300 dilution), and anti-mouse 
a 2 M Ab (as described above, 1 :250 dilution). R777 was 
affinity purified over a Sepharose-LRP-1 heavy-chain 
column, as described (44). The number of positive ves- 
sels was counted in ten random fields by two inde- 
pendent blinded observers, and was expressed as per- 
centage per square millimeter of section. The extent 
and intensity of staining in cellular elements was quan- 
titated using the ESECO Digimatic Universal Imaging 
System (Electronic Systems Engineering Co., West 
Chester, Pennsylvania, USA) and NIH imaging systems. 
Microvessels were carefully excluded from the quanti- 
tation by suitably varying the magnitudes of measure- 
ment. The relative intensity of cellular staining (exclud- 
ing the microvasculature) in brain sections of young 
mice was arbitrarily normalized to 1 for purposes of 
comparison. Routine controls included sections pre- 
pared without primary Ab, without secondary Ab, and 
the use of an irrelevant primary Ab. 

Neuropathological analysis in humans. Three AD 
patients and three neurologically normal, age- 
matched controls from the Alzheimer's Disease 
Research Center of the University of Southern Cali- 
fornia were evaluated clinically and were followed to 
autopsy. Included were three males and three females, 
ranging in age from 69 to 99 years. 

Tissue blocks (1 cm 3 ) were obtained postmortem 
(range 4-7 hours; mean 5 hours.), fixed in 10% neutral 
buffered formalin (pH 7.3; Sigma Chemical Co.), and 



The journal of Clinical Invescigarion j December 2000 j Volume 106 { Number 12 



1491 



embedded in paraffin or snap-frozen in liquid nitro- 
gen -chilled isopencane. Tissues were sampled from the 
superior and middle frontal gyrus (Brodmann's area 
10), and the cerebellar hemisphere. 

Sections were stained with either hematoxylin and 
eosin or rhioflavine S, in a modification of 
Bielschowsky's silver impregnation method (Gallyas 
stain). Thioflavine S-stained sections were viewed 
through a Zeiss fluorescence microscope with a nar- 
row-band, blue/violet filter at 400-455 nm. Examina- 
tion was performed by two independent observers. 
Diagnosis of AD was according to a modified protocol 
from the Consortium to Establish a Registry for 
Alzheimer's Disease (52). 

For immunocycochemical analysis, we used cryostat 
sections (10 Jilm) of frontal cortex (Brodmann's area 10) 
that were air dried. Immunocytochemistry was per- 
formed using the avidin-biotin peroxidase complex 
method (Vector Laboratories Inc., Burlingame, Califor- 
nia, USA). Antibodies included Ap^o, rabbit anti- 
human, 1:1,000 (1 mg/ml; Chemicon International, 
Temecula, California, USA); A(3i- 4 2> rabbit anti-human, 
1:1,000 (1 mg/ml); the mouse mAb to the heavy chain 
of human LRP-1 designated 8G1, which is specific for 
human LRP-1 and recognizes an epitope on the 515- 
kDa subunit (53), 1:300 (1.5 mg/ml); and CD 105 (clone 
SMG), mouse anti-human, 1:100 (0.1 mg/ml; Serotec 
Ltd., Oxford, United Kingdom). For single staining with 
CD 105 and LRP, after incubation with primary Ad, sec- 
tions were washed three times in PBS (pH 7.4), and 
treated with biotinylated anti-mouse IgG for 30 min- 
utes. After three washes in PBS, slides were incubated 
with avidin-bioriri-horseradish peroxidase complex for 
30 minutes and washed three times in PBS. Binding was 
detected with an SG peroxidase detection kit (blue/gray; 
Vector Laboratories Inc.). For double labeling, after 
incubation with Ap overnight at 4°C, sections were 
washed three times with PBS and treated with biotiny- 
lated anti-rabbit IgG. They were then washed again, and 



posicivicy was detected with NovaRED (Vector Labora- 
tories Inc.). After rhree washes in PBS, the second pri- 
mary Ab (LRP or CD-I 05) was applied, and staining was 
performed as described for single labeling. Imaging was 
accomplished using an Axiophot II microscope (Carl 
Zeiss Inc., Thornwood, New York, USA) equipped with 
a SPOT digital camera (Diagnostic Instruments Inc., 
Sterling Heights, Michigan, USA). 

Results 

Figure la illustrates brain radioactivity-disappearance 
curves of [ 14 C]inulin and U5 I~A(3i. 4 o (TCA-preci pi table 
l25 I radioactivity) studied at a concentration of 60 nM. 
Clearance of inulin, a reference extracellular fluid (ECF) 
marker that is neither transported across the BBB nor 
retained by the brain (40, 43), approximated a single 
exponential decay, as expected from previous studies. 
The clearance curve reflecting total efflux of l2S I-Api.4o 
from brain was bi-exponential, and was much lower 
than that for inulin, indicating significant biological 
transport of Ap { . 4 o out of the brain. The two compo- 
nents of Api 4o efflux, rapid elimination by vascular 
transport across the BBB into the blood and slow elim- 
ination via the ISF flow, were computed from Figure la 
with equations 3 and 4 and are illustrated in Figure lb. 
Figure lb indicates significantly higher clearance of Ap 
via BBB transport than via ISF bulk flow. 

The half-time (fi /2 ) for brain efflux of Api^ and inulin 
calculated from Figure la and equations 2 and 3 were 
25.5 ± 2.0 minutes and 239.0 ± 12.5 minutes, respective- 
ly, a 9.4-fold difference (Table 1). The half-time of efflux 
of Api-40 across the BBB was 34.6 ± 3.6 minutes, 6.9-fold 
faster than by ISF bulk flow. In addition to efflux, there 
was also a slow, time-dependent retention of Ap 3 . 40 in 
brain parenchyma with a t\; 2 of 164.5 minutes. As shown 
in Table 1 , the rate k (min l ) of clearance of Apj.40 from 
the brain was 7.9-fold higher than that for inulin. The 
relative contributions of Afii^o efflux at 60 nM, by trans- 
port across the BBB and by ISF bulk flow based on 5- 



a 



Figure 1 

(a) Time-disappearance curves of [ ,4 C]inulin 
(open circles) and ,2S l-Ap,. 4 o (60 nM; TCA- 
prectpitabie 12s l radioactivity, filled circles) 
from the CNS after simultaneous microinjec- 
tions of tracers into the caudate nucleus in 
mice. Each point represents the mean ± SD of 
three to seven animals, (b) Two components 
of 125 !-A(3? -40 efflux, vascular transport across 
the BBB (filled triangles) and transport via ISF 
bulk flow (open triangles), were computed 
with equations 3 and 4 using data from a. (c) 
Relative contributions to Apt.40 effiu* by its 
transport across the BBB (open bar), diffu- 
sion via ISF bulk flow (filled bar), and reten- 
tion (gray bar) in the brain were studied at 60 
nM concentrations and calculated from the 
fractional coefficients given in Table 1. 
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hour measurements, were 73.8% and 
10.7% respectively, whereas 15.6% of 
the dose remained sequestered within 
the CNS (Figure ic). 

After CNS injection, both tracers 
reached the CSF; the CSF time- 
appearance curves are shown in Fig- 
ure 2a. The amount of !25 I-Api-4Q 
(TCA-precipitable lzs l radioactivity) 
measured in the CSF was lower than 
that for inulin at each studied time- 
point, possibly reflecting active clear- 
ance of Afii-40 from the CSF, as was suggested previ- 
ously (28). It is noteworthy that at each studied 
timepoint, the i25 I-labeled material in the CSF was 
greater than 96% TCA-precipitable, indicating no 
degradation of the peptide. Both tracers also appeared 
in plasma (Figure 2b), and higher levels of TCA-precip- 
itable 135 I-Ap I , 4 o radioactivity than of [ 14 C]inulin 
radioactivity were consistent with active transport of 
APi-40 out of the CNS across the BBB. The absolute 
amounts of both tracers in the CSF and plasma were 
low, however, due to relatively rapid clearance from the 
CSF in comparison to slow ISF bulk flow (29), and sig- 
nificant systemic body clearance (48), respectively. 

Figure 3 (a and b) illustrates that 125 I-A(3i. 4 o was not 
significantly degraded in brain ISF before its trans- 
port across the BBB, as determined by TCA, HPLC, 
and SDS-PAGE analysis of 125 I radioactivity in brains. 
The TCA analysis suggests that only 4.2-9.9% of l25 I 
radioactivity in brains was not TCA-precipitable at 
different timepoints within 270 minutes of intracere- 
bral microinjection of 125 I-Api. 4 o (Figure 3a). The 
HPLC analysis of brain radioactivity confirmed the 
TCA results by indicating that 93.7% of the peptide 
remains intact in brain ISF at 60 minutes (Figure 3b, 
right). It is noteworthy that !25 I~Api. 4 o was more than 
97% intact at the time of injection, as determined 
both by the HPLC and TCA analyses. The results were 
corroborated by SDS-PAGE analysis of lyophilized 
aliquots of HPLC peaks of brain homogenates at dif- 
ferent timepoints after 12S I~APi- 4 o injection, showing a 
single radioactive band at about 4 kDa (Figure 3b, 
left). The identity of the radioactive components on 
gels as AP]-4o peptide was confirmed by Western blot 
analysis using anti-Ap Ab and enhanced chemilumi- 
nescence as a detection system (not shown). More 
than 96% of T2S I radioactivity in the CSF was TCA-pre- 
cipitable at studied timepoints between 15 minutes 
and 270 minutes (not shown). In contrast, degrada- 
tion products of l25 I-Api-40 were found in plasma (Fig- 
ure 3c); the amount of degraded !25 I-Api-4o corre- 
sponding to non-TCA-precipitable l2S I radioactivity 
increased from 376% to 58.3% during the period from 
15 minutes to 120 minutes after intracerebral 
microinjection of intact l25 I-Api. 4 o (Figure 3c). It is 
noteworthy that the amount of radioactivity in plas- 
ma after 120 minutes was relatively small, and 
approached the limits of sensitivity of the TCA assay. 



Table 1 

Clearance rates (k) for ,25 l-Ap 1 ^o and J 



4 C]inulin 



&(min- ? ) 



(min) 



[ C]inulin 

1 1/2 (min) 



0.0229 ± 0.0023 A 
0.0200 ± 0.0023 
0.0029 ± 0.0002 
0.0042 ± 0.0005 



25.5 ± 2.0 A 

34.6 ± 3.6 
239.0 ± 12.5 
164.5 ± 17.6 



*(min-') 

0.0029 ± 0.0002 239.0 ± 12.5 
None None 

0.0029 ± 0.0002 239.0 ± 1 2.5 
None None 



Data are mean ± SD from 38 individual experiments. Fractional rate (k) values were calculated using 
equations 3 and 4. A P < 0.05 by Student's t test. 



Clearance of Ap in young mice was concentration 
dependent (Figure 4a). The efflux transport system was 
half saturated (K\/ 2 ) at 15.3 nM of APj.40. The plateau or 
maximal clearance capacity was reached between 70 nM 
and 100 nM, and further increases in Ap concentration 
resulted in progressively greater retention of the peptide 
in the brain. In contrast, clearance of [ 14 C] inulin did not 
change with increasing concentrations of Ap, suggest- 
ing a physiologically intact BBB (Figure 4a). 

The next set of experiments was designed to charac- 
terize the BBB transport system responsible for the 
transcytosis of Ap. Brains were loaded with l25 I-A0i.4o 
at either 12 nM (Figure 4b) or 60 nM (Figure 4c), and 
clearance was determined at 30 minutes in the absence 
and presence of several molecular reagents that may act 
as potential inhibitors of and/or competitors in export. 
Figure 4b indicates that both the LRP-1 Ab (60 fig/ml) 
and RAP (200 nM) produced significant (58% and 30%, 
respectively) reductions in Ap clearance from the brain 
compared with vehicle-treated controls; increasing the 
concentration of RAP to 5 \lM decreased Ap clearance 
by 44?^. A significant (25%) inhibition in AP clearance 
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Figure 2 

Time-appearance curves of [ 14 C]inulin (open circles) and t25 l-Apt. 4 o 
(60 nM; TCA-precipitable 125 l radioactivity, filled circles) in the CSF (a) 
and plasma (b) after simultaneous microinjections of tracers into the 
caudate nucleus in mice. Values are expressed as percentages of inject- 
ed dose (%ID); each point is mean + SD of three to seven animals. 
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Time (mm) Time (min) Time (min) 

Figure 3 

(a) Brain TCA-precipitable (open bars) and non-TCA-precipitable ,25 i radioactivity (solid bars) after intracerebral microinjections of 125 l~Ap 1 ^ 0 (60 
nM) into the caudate nucleus in mice, expressed as a percentage of total 125 l radioactivity in the brain; mean ± SD of three to five animals, (b) Left 
panel shows HPLC elution profile of brain tissue 60 minutes after intracerebral microinjection of ,25 l-A(3 t -4o(60 nM). Separation was performed for 
30 mg of brain tissue on a reverse-phase HPLC column, using a 30-minute linear gradient of 25-83% acetonitrile in 0.1% TFA, pH 2. ' 25 J-Af} 1 . 40 elur~ 
ed at 52%, corresponding to the elution time of Ap^ standard. Right panel shows SDS-PAGE analysis of brain tissue supernatant at 30 minutes 
(lane 1 ) and 60 minutes (lane 2) after intracerebral microinjection of ,2S l-Ap 1 ^ o (60 nM). The radioactivity in the brain eluted as a single peak on 
HPLC, with the same retention time as the Ap^ standard (data not shown). Aliquots of fyophilized sample were subjected to 10%Tris-tricine SDS- 
PAGE, transferred to a nitrocellulose membrane, and exposed to x-ray film, (c) Plasma TCA-precipitable (open bars) and non-TCA-precipitable 
125 l radioactivity (filled bars) after intracerebral microinjections of 12S l~A(3 14O (60 nM) into the caudate nucleus in mice, expressed as a percentage 
of total ,2S ! radioactivity in plasma; mean ± SD of three to five animals. 



was also obtained in the presence of anti~a 2 M Ab (20 
fig/ml). In contrast, anri-LRP-2 Ab (Figure 4b) and 
anti-RAGE Ab (Figure 4c) did not affect Ap clearance. 
Fucoidin, a specific Iigand for SR-A, produced a mod- 
est increase in clearance, possibly by blocking the bind- 
ing of Ap to parenchymal SR-A receptors, thereby 
allowing more peptide to be available for clearance. At 



higher A(3 loads (Figure 4c), anti-LRP-1 Ab produced a 
53% decrease in clearance, similar to that observed at a 
lower load (Figure 4b), but Ap recovery approached 
that of [ 14 C]inulin, suggesting drainage of the peptide 
almost exclusively via ISF bulk flow. Clearance of 
[ 14 C]inulin was not affected by any of the studied 
molecular reagents. We also demonstrated that BCH, a 



• Clearance by BBB 
o Clearance by ISF bulk flow 




40 80 120 
(nM) 



8 



2f 



X 



J 



x 



X 



III 



X 



X 



X 



il 



NS 

II 



Control Anti-LRP-1 RAP 0.2 ^iM RAP 5 Anti-o^M AniM.RP-2 



Olnulin 




Control Anti-LRP-1 Anti-RAGE Fucottian BCH 



Figure 4 

(a) Concentration-dependent clearance of A(3 t -4o from mouse brain. Clearance via BBB transport (filled circles) is shown separately from clear- 
ance via ISF bulk flow (open circles). Clearance was determined 30 minutes after simultaneous microinjection of t25 l-Ap 1 . 40 at increasing concen- 
trations (0.05-1 20 nM) along with [ 14 C]inulin into the caudate nucleus, (b) Effects of anti-LRP-1 Ab R777 (60 Ug/ml), RAP (0.2 and 5 uM), anti- 
a 2 M Ab (20 Ug/ml), and anti~LRP-2 Ab Rb6286 (60 |ig/ml) on brain clearance of ' 25 l-A3 14 o at 1 2 nM, determined 30 minutes after simultaneous 
microinjection of 125 l~Ap, and j 1it C]inulin. (c) Effects of anti-LRP-1 Ab R777 (60 \Xg/m\), anti-RAGE Ab (60 Mg/ml), fucoidin ( 1 00 Ug/mi), and 
2-amino-bicyclo[2.2.1 ]heptane-2-carboxyiic acid (BCH; 10 mM) on brain clearance of ,25 !-Ap^ 0 at a higher load of 60 nM, determined 30 min- 
utes after simultaneous microinjection of ^l-Ap^o and [ ,4 Cjinulin. Mean ± SD of three to four animals. A P< 0.05; NS, not significant. 
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substrate that specifically blocks the L system for 
amino acids, does not affect clearance of Ap across the 
BBB. This excludes the possibility that 125 l-Api_ 4 o is 
degraded to 525 I-tyrosine that is then transported out 
of the CNS instead of i25 l-A$^ 0 . 

Next, we studied the effect of apoE and aging by deter- 
mining A(3 clearance in 2~month~old and 9-month-old 
apoE KO mice and wild-type mice, using two different 
loads of J25 I-Api.4o» 12 nM (Figure 5a) and 60 nM (Fig- 
ure 5 b). Figure 5a shows that the clearance of AP was 
reduced by 30% in young apoE KO mice, and by about 
55% and 40% in 9-month-old wild-type and apoE KO 
mice, respectively. These results were confirmed at a 
higher load of Ap; the observed decrease in clearance 
was 46% in 9-month-old apoE KO mice (Figure 5b). 

Immunocytochemical studies confirmed abundant 
expression of LRP-l in brain rnicrovessels (including 
capillaries, small venules, and arterioles) in 2-month- 
old mice (Figure 6a, upper panel; and Figure 6b, upper 
panel), in addition to significant parenchymal cellular 
(including neuronal) staining (Figure 6a, upper panel). 
As shown in the lower panels of Figures 6a and 6b, 
there was a significant reduction in LRP-l -positive ves- 
sels in 9-month-old mice compared with 2-month-old 
mice; the number of LRP-l -positive vessels dropped 
from 94% in 2-month-old mice to 52% in 9-month-old 
mice (Figure 6d, upper panel). Quantitative analysis of 
LRP-l -positive parenchymal cells (excluding blood ves- 
sels) showed a trend toward reduced staining in older 
animals, though the difference was not statistically sig- 
nificant (Figure 6d, lower panel). Similarly, there was 
no difference be ween young and old mice in the num- 
ber of CtaM- positive rnicrovessels or parenchymal cells 
in the brain (Figure 6c, upper and lower panels, respec- 
tively; Figure 6d, lower panel). It is noteworthy that 
staining for a 2 M was not able to distinguish between 
circulating a 2 M and a 2 M expressed on rnicrovessels. 

Frontal cortex of all AD patients revealed moderate to 
marked neuritic plaques and Ap deposits; two of the 
three showed parenchymal and vascular amyloid. Con- 
trols revealed no neuritic plaques or Ap in the parenchy- 
ma, and only meningeal vascular Ap in one of the three 
patients. As seen in Figure 7a, staining for LRP-l in the 
frontal cortex of control patients revealed moderate vas- 
cular staining in capillaries and arterioles, as well as neu- 
ronal staining. There was reduced LRP- 1 staining in AD 
tissues, including regions with Api .^-positive or AP], 4 2- 
positive plaques and vessels (Figure 7b). However, the 
immediate subcortical white matter showed more 
robust vascular staining for LRP-l, and absence of stain- 
ing for Ap, in both AD patients and controls (not 
shown). Anti-CD 105, which identifies vascular endothe- 
lium, revealed ample staining of capillaries and arteri- 
oles of frontal cortex in controls, and moderately 
reduced numbers of stained vessels in AD tissues. Cere- 
bellum revealed equivalent vascular staining with 
an ti- LRP-l and anti-CD 105 in AD and control sections 
(not shown). No anti-Ap}, 40 -positive or Ap^-positive 
staining was seen in either AD or control tissues. 
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Figure 5 

(a) Effect of apoE genotype and age on brain clearance of 125 l-Ap 1 ^ 0 . 
Brain clearance of 535 l-APt-^o in 2-month-oid and 9-month-old wild- 
cype mice and apoE KO mice studied at the lower load of 1 2 nM U5 I- 
Ap V40 (a) and a higher load of 60 nM (b). In ail studies, ns f-Ap,^ 0 and 
[ 14 C]inulin were injected simultaneously, and clearance was deter- 
mined after 30 minutes. Mean ± SD of three to four animals. A P < 0.05 ; 
NS, not significant compared with 2-month-old wild-type mice. 



Discussion 

This study demonstrates the importance of vascular 
transport across the BBB in clearing Ap from the brain 
into the circulation. Moreover, we provide evidence 
that this transport mechanism is mediated mainly via 
LRP-l in brain microvascular endothelium, and sug- 
gest that transport of brain-derived Ap out of the CNS 
may be influenced by the LRP-l ligands a 2 M and apoE. 
This vascular clearance mechanism for Ap is age 
dependent, and lower clearance rates in older animals 
correlate with decreased vascular abundance of LRP-l. 

The capability of BBB to remove Ap was significant 
in younger animals. The elimination time, fi/ 2) for Ap 2 _ 
40 at 60 nM was 25 minutes, or 9.4-fold faster than for 
inulm, an ECF marker used to determine the ISF bulk 
flow rate (40). The major component of the CNS efflux 
of Ap was transport across the BBB into the vascular 
system. The clearance of Ap across the BBB was 
dependent on both time and concentration. At very low 
concentrations, i.e., less than 2 nM as found normally 
in mouse brain (54-55), Apj. 4 o was eliminated from 
brain at a rate that was on average 3.5-fold faster than 
when it was present at a load of 60 nM. This may be 
comparable to concentrations of APi. 40 found in the 
brains of transgenic APP animals at 3-4 months of age 
(54-55). The efflux transport system was half saturat- 
ed at 15.3 nM of Ap 5 „ 40 , and appears to be fully saturat- 
ed at concentrations between 70 nM and 100 nM. 
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Thus, this efflux transporter may be completely satu- 
rated by higher levels of Ap, as are found in the brains 
of older transgenic APP animals (54-55), which in turn 
may lead to vascular accumulation of Ap and develop- 
ment of prominent deposits of cerebrovascular amy- 
loid, as recently described (56-57). 

In this study, we did not observe significant metabo- 
lism or degradation of A(3i^ 0 within 5 hours, in con- 
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Figure 6 

(a) LRP-1 immunoreactivity in brain microvessels of young (2-monch-old; upper 
panel) and old (9-month-old; lower panel) wild-type mice. Many vessels in young 
mice stained positive for LRP-1, detected with anti-LRP-1 Ab R777 (5 U-g/ml; 
arrows). There were relatively fewer positive vessels in old mice (arrows), and many 
weakly positive- or negative-staining vessels (arrowheads). There was no significant 
difference in the staining of parenchymal cellular elements (open arrows) between 
the young and old mice. Vessels in young mice stained strongly positive (b, upper 
panel) compared with the faint staining seen in old mice (b, lower panel). In con- 
trast, there was no difference in staining for OLiM in brain cells (arrowheads) or 
microvessels (arrows) between young (c, upper panel) and old (c, lower panel) mice, 
(d) Comparison of LRP-1 and OC2M immunoreactivity in brain microvessels (upper 
panel) and parenchymal cellular elements (lower panel) in young and old wild-type 
mice. A P < 0.05; NS, not significant. 



trasr to a recent report suggesting that Apn 2 is degrad- 
ed by enkephalinase (nepnlysin) in the brain within 
minutes (28). It may be that Af^o and Ap i4 2 are 
processed differently in the brain. However, the physi- 
ological relevance of the proposed degradation mecha- 
nism for A|3|.42 (28) remains unclear, because the pep- 
tide was studied at extremely high concentrations 
(-240 jiM) that are not found even in brains with severe 
p-amyloidosis (30). As shown by pharma- 
cological studies, these high concentra- 
tions of A(3 may impair local BBB integri- 
ty (58-59), which in turn may 
contaminate brain ISF with blood and/or 
plasma that possesses Ap-degrading activ- 
ity (48), as confirmed in this study. 

Consistent with the hypothesis that 
cytosolic peptidases have little access to 
Ap peptides secreted or injected into brain 
ISF (28) or CSF (29), it has been reported 
recently that insulin-degrading enzyme 
(IDE) cannot not degrade AP in the brain 
in vivo after intracerebral injection of 
radiolabeled peptide (28). This is in con- 
trast to in vitro degradation of 125 I-Api_to 
by IDE from brain and liver cytosol frac- 
tions (60). Because IDE is an intracellular 
protease, it is not surprising that IDE may 
not be able to process Ap from brain ISF, 
particularly if peptide clearance is faster 
than its cellular uptake, as suggested by 
our data and a previous study (28). It is 
noteworthy that brain endothelial cells in 
vitro (33) and astrocytes (61) do not 
catabolize AP, in contrast to activated 
microglial cells that secrete a specific met- 
alloproteinase that degrades AP in vitro 
(61). Neuronal cells in vitro metabolize 
Ap via an LRP-1 -dependent mechanism 
that may require apoE or a 2 M (38). The 
rate of this degradation, however, is about 
50- to 100-fold slower than that occurring 
via transport across the BBB in vivo. 

Transport of AP out of the CSF was not 
associated with significant degradation of 
peptide in the CSF (29). Lower levels of 
Api-40 than inulin in the CSF may suggest 
active transport of Ap from the CSF to the 
blood, possibly across the choroid plexus 
or leptomeningeal vessels, as shown pre- 
viously (29). Higher levels of radiolabeled 
Ap in the plasma relative to inulin con- 
firm vascular transport of the peptide out 
of the CNS. Although our results indicate 
that brain-derived AP could contribute to 
the pool of circulating peptide, its degra- 
dation in plasma, systemic metabolism, 
and body clearance tend to reduce the lev- 
els of circulating peptide, as shown previ- 
ously (48). Under our experimental con- 
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Figure 7 

LRP-1 expression in human frontal cortex. Brain sections (Brod- 
rnann's area 1 0) of controls (a and c) reveal well-defined staining of 
capillaries (arrowheads) and arterioles (arrows) by LRP-1 , detected 
with anci-LRP-1 mAb SGI (5 fig/ml) (a) and CD105 (c). No Ap 
staining was present in double-labeled or serially labeled sections 
(not shown). In contrast, double-labeled sections from AD patients 
show vessels and plaque cores stained positive with anti-A{3 14 o 
(brown stain), reduced numbers and intensity of LRP-1 staining of 
vessels (b), and reduced numbers of CD1 05-labeled vessels (d). 



ditions, rhe levels of radiolabeled Ap in the circulation 
were two to three orders of magnitude lower than the 
brain levels. This makes re-entry of radiolabeled Ap 
into the brain very unlikely, because the blood-to-brain 
transport of Ap normally operates down the concen- 
tration gradient (39, 62-65). In addition, the apoj sys- 
tem that transports blood-borne Ap into the brain is 
saturated under the physiological conditions (64) that 
may facilitate the efflux of AP from the brain. Previous 
studies have shown that circulating free Ap is also 
metabolized during its transport across the BBB (48, 
49, 65, 66), possibly by pericytes, which represent a 
major enzymatic barrier for the transport of several 
peptides and proteins across the BBB (67). 

The affinity of neprilystn for its physiological sub- 
strates (e.g., enkephalins, tachykinins, atrial natriuretic 
peptide) and/or different synthetic peptides is in the low 
millimolar range (68). In contrast, the levels of Ap in the 
brain are normally in the low nanomolar range, and in 
transgenic mouse models of brain amyloidosis they vary 
from 40 mVj to 250 nM/kg from 3 to 1 2 months of age 
(54). Thus, under physiological and/or pathological 
conditions, AP will likely bind to its high -affinity cell- 
surface receptors (such as RAGE and/or SR-A), and/or 
high-afflmty transport binding proteins (a>M, apoE, 
and apoj), which all react with low nanomolar levels of 
peptide corresponding to their K& values. 

In this study, anti-LRP-1 antibodies inhibited Ap { - 4 o 
clearance by about 55%, both at lower (12 nM) and 
higher loads (60 nM) of the peptide, suggesting the 
involvement of LRP-1 in vascular elimination of Ap 
from the brain. RAP, a chaperone protein that facili- 
tates proper folding and subsequent trafficking of 
LRP-1 and LRP-2 (69), also inhibited AP clearance. RAP 
binds to multiple sites on LRP and antagonizes bind- 
ing of all known LRP iigands to both LRP-1 and LRP-2 
in vitro (69), as well as to LRP-2 in vivo at the blood side 
of the BBB (39). In this study, RAP at higher concen- 
trations produced inhibition of Ap clearance compara- 
ble to that produced by an anti-LRP-1 Ab. It is inter- 
esting that anti-LRP-1 Ab inhibited vascular transport 
of AP almost completely at higher concentrations of 
peptide, which may indicate that LRP- 1 could be of pri- 
mary importance in eliminating the peptide from the 
brain. At a lower load of the peptide (i.e., 12 nM), nei- 
ther of the molecular reagents was able to abolish clear- 
ance of Ap, which suggests that in addition to LRP-1, 
there may be an alternative, highly sensitive BBB trans- 
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port mechanism (or mechanisms) that eliminates the 
peptide from the brain at very low concentrations. The 
molecular nature of this putative second transport sys- 
tem is not presently known, although data from this 
study suggest that RAGE and LRP-2 are unlikely to be 
involved in rapid elimination of AP from brain. The 
fact that fucoidin, an SR-A Iigand, moderately 
increased clearance of Ap suggests that inhibition of 
SR-A receptors in the brain may decrease CNS seques- 
tration of the peptide, thus allowing more peptide to 
be available for enhanced clearance across the BBB. 

A role for LRP-1 in promoting Ap clearance in vitro 
in smooth muscle cells, neurons, and fibroblasts via 
Gt>M and apoE has been suggested (35-38), although at 
significantly slower rates than the Ap transport across 
the BBB demonstrated in this study. High-affinity in 
vitro binding of Ap to a?M and to lipidated apoE3 and 
apoE4, and a lower- affinity binding to delipidated 
apoE isoforms has been well documented (23, 70). 
Binding/uptake studies in mouse embryonic fibrob- 
lasts (wild type and deficient in LRP-1), confirmed that 
free Ap is not a ligand for LRP-1 (37, 45). The possible 
role of the two LRP-1 Iigands in elimination of Ap via 
vascular transport is suggested by inhibition of Ap 
clearance with anti-OC^M antibodies and by significant- 
ly reduced clearance in apoE KO animals (by 30% and 
46% at 2 months and 9 months of age, respectively, 
compared with young wild-type controls). In relation 
to these findings, it is interesting to note that recent 
studies have indicated that lack of endogenous mouse 
apoE in both the APP VV17F and APPsw mouse models of 
AD results in less AP deposition and no fibrillar Ap 
deposits in the brain (57, 71). This suggests that mouse 
apoE strongly facilitates Ap fibrillogenesis. It is possi- 
ble that mouse apoE also plays a role in clearance of 
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soluble A(3 across the BBB, as suggested by the current 
study, but that its ability ro influence Af$ aggregation 
in APP transgenic mice is dominant. Jn contrast to the 
effects of mouse apoE, a recent study demonstrates 
that human apoE isoforms suppress early A(3 deposi- 
tion in APP V7J7F mice (72). Further studies in this 
model will be useful to determine whether this sup- 
pressive effect of human apoE isoforms on early Ap 
deposition is secondary to effects on facilitating Ap 
transport across the BBB. Although our study does not 
rule out the possibility that A[3 clearance by neurons, 
vascular smooth muscle cells, and fibroblasts shown in 
vitro (35-38) may also occur in vivo, vascular transport 
across the BBB seems to be of primary importance for 
rapid elimination of Af3 from brain in vivo. 

Because normal aging is associated with AP accumu- 
lation in the brain (1), and there is a significant, time- 
dependent, and progressive accumulation of the pep- 
tide with age in transgenic APP animals (54, 55), we 
postulated that Ap clearance mechanisms might be 
impaired in older animals, and are also possibly 
impaired in elderly humans. Our findings of about 
55-65% inhibition of AP clearance in 9-month-old 
wild-type animals compared with young (2-month-old) 
animals confirmed this hypothesis. Immunocyto- 
chemical studies indicated a significant reduction in 
the number of LRP-l-positive cerebral blood vessels, 
from 94% in 2-month-old mice to 52% in 9~month-old 
mice, which correlated well with the observed reduc- 
tions in the clearance capacities in the two age groups. 
Interestingly, down regulation of vascular LRP-1 corre- 
lated well with regional parenchymal and vascular 
accumulation of Ap in brains of Alzheimer's patients 
compared with age-matched controls. In brain areas 
where LRP-1 vascular expression remains prominent, 
such as in the white matter, no accumulation of Ap was 
found in Alzheimer's brains. 

In conclusion, our data support the concept that the 
vascular system plays an important role in regulating 
the levels of AP in the brain. Our findings further sug- 
gest that if the levels of Ap in brain extracellular space 
exceed the transport capacity of the clearance mecha- 
nism across the BBB, or if the vascular transport of the 
peptide were impaired, for example by down regulation 
of LRP-1 , this would result in accumulation of Ap in the 
brain, and possibly formation of amyloid plaques. Pre- 
vious studies from our laboratory and others have 
demonstrated a major role of the BBB in determining 
the concentrations of Ap in the CNS by regulating 
transport of circulating Ap (33, 39, 49-51, 62-66). This 
study extends this hypothesis by showing that vascular 
transport out of the brain across the BBB may represent 
a major physiological mechanism that prevents accu- 
mulation of Ap and amyloid deposition in the brain. 
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